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The General problem confronting the Committee can be bro- 
ken down into several subordinate problems, each of which 
nay be attacked more or lsss independently of the others. 
This interim report deals v.lth the present state of knowl - 
edge concerning one such aspect: namely, the ability of a 
given material, 3uch as earth or concrete, to withstand the 
impact of a bomb, insofar as this ability is attributable 
to the localized properties, such as strength or density, 
of the material« 

Part I deals with theories and data on the penetration of 
an inert bomb into an unlimited deformable solid or serai- 
solid material. Tho depth of penetration may be expected 
to depend upon 

• a...properties of tho bomb: weight W, 
caliber d, shape 

b...striking conditions: velocity vQ, 
angle of incidence, yaw 

c...properties of tho target material: 
strength  (such as compressive 
strength or hardness),  density, 
porosity. 

i *• 
Since the latter elements (c) are ultimately rcspotsiblo 

i *■    * -   —. 

pviütu Lü bubj the investigation on the fundamental   equa- 
tion of motion 

(1.1) JL 
g 

d x 

dt2 
-R. 

In all tho theories considered R may be taken as the pro- 
duct 4* • f of two factors, tho first <?(x) deponding on 
the depth x of penetration already achieved, and the ether 
f(v) on the velocity v of tho projectile at that stage. 
In the majority of the investigations found in the litera- 
ture, this assumption is further specialized (Sec 2) by 
taking <f BS a constant proportional to tho cross-sectional 
area A of tho bomb. The resistance may then be written 

R  s A f(v) 

'■Will. ■13»- 
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and the sectional resistance f (v) may be interpreted as 
the energy necessary to displace unit volume of target ma- 
terial, by a projectile moving with velocity v ; in the 
units adopted in the report f(v) is measured in lb/in**, 
and one of the problems encountered is that of identifying 
f with same significant stress parameter of the medium. It 
is shown that such a resistance leads to a maximum depth of 
penetration x^ of the form 

(2.4) P F(Y0) 

S 

I where P z Vf/A is the sectional pressure of the bomb, and 
P(v ) is a function of the striking velocity v, 
can be obtained by integration from the sectional 
tance f(v) • 

o » which 
resis - 

The principal sectional pressure formulae, associated with 
the names of Euler, roncelet, and de Gior&i, are discussed 
in the remaining parts of Sec 2. Euler (Sec 2a) assumed 
the resistance to be a constant, whence 

i 1« 
(2.7) 

/W.g 

much of the recent German work (Peres) on air raid protec- 
tion is based upon the use of this formulae. Values of the 
strength parameter f ■ p- , for various substances and from 
various sources, are collected in Note 1 at the end of the 
report; most of them are, however, quite useless, because of 
inadequate data or specification. 

The second formula considered (Sec 2b) is based upon the 
theory doveloped by Poncelet, supplemented by the admirable 
experimental program of the Hetz Committee (1335). Ponce- 
let's assumptions may be interpreted to mean that the pro- 
jectile must not only supply energy to disrupt the cohesion 
of the material (as in the Zuler hypothesis), but al30 en- 
ergy to remove the detritus from its path; the resistance 

it 

' 
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is then 

R  «  A ( a -f  b v2)  , 

where the "shatter strength" a is a measure of the co- 
hesive force, corresponding to Euler's coefficient ^A»,and 
the constant b appearing in the inertial term is propor- 
tional to the density w' of the target material. The re- 
sulting penetration formula is 

(2.10) 
2bgil0Se ( 1 +  aV> 

The Piobert-Lorin-Didion values of a and b, for various 
media, are given in the original and in English units in 
Note 2, and the relation of b to the density of the me- 
dium is discussed in Note 3. Much of the modern work on 
penetration employs a special case of Poncelet's formula, 
due to retry (1910), in which b/a is given a definite 
numerical value, the sane for all media; Petry's formula 
has been transcribed here in the form 

(2.IS«) Ki> l0S,o ( 1 + vQ
2/215000 ) 

where the striking velocity v0 is in ft/sec. Values of 
the parameter K. , for various materials, are listed in 
Note 4. 

The last of the sectional pressure formulae discussed in de- 
tail is that of Nobile de Giorsi (Sec 3c). Do Giorgi re- 
duced scattered penetration data in accordance with the gen- 
eral formula (2.4), and summarized the resulting F(v0) in 
tabular form; his F-values, reduced to standard English 
units, aro given in Note 5* 

The sectional pressure formulae of Euler, Poncelet, Petry, 
and de Giorgi, for concrete or similar media,-are compared 

Hi 
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graphically in Plates I and II - in Plate I on adjusting 
the strength parameters to bring the curves into agree- 
ment at around v0 = 900 ft/sec, and in Plate II with the 
original parameter values. The application of the sec- 
tional pressure formulae of Euler, Petry and de Giorgi to 
Aberdeen Proving Ground data on the penetration of pro- 
jectiles and bombs into earth is given graphically i n 
Plate IV. 

In Sec 3 situations are considered in which the resistance 
encountered by the projectile may be expected to depend an 
the depth x of penetration. The first of those, dis- 
cussed in Sec 3a, is the case of shallow penetration, in 
which the actual shape of the nose of the bomb mny be ex- 
pected to play a not inconsiderable role. The most natu- 
ral modification of the expression for the resistance, 
traceable back to Morin (1836), leads to tho penetration 
formula 

(3.4) V(x,)  =  WF(vJ 

where V(xi) is tho actual volume swept out by tho projec 
tile on penetrating to a depth x 1 and F(vQ) is the ve- 
locity function previously mtroaucud; x-nis result is il- 
lustrated graphically in Plate III for the hypothetical cose 
of a conical-nosed projectilo piercing a thin plate. 

The socond non-soctional pressure theory considered is that 
of Vioser (1935), who professes to derive tho ponotration 
formula 

(3.10) [*1 
Y* 

from known elastostatic results, where EQ is the striking 

i—i 
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energy of the bomb and <T* is the comprossivc strength of 
the target material. Although thero is little or no theo- 
retical or empirical justification for this formula, Vie- 
ser's many papers on the subject have had considerable in- 
fluence on recent German literature on air raid protection, 
and it has therefore been thought desirable to includo in 
Sec 3b an account and an attempted interpretation of his 
formula. 

Bart I concludes with a brief discussion of the deviations 
from the theoretical formula to be expected because of ob- 
lique incidence, yaw and the distortion of the bomb case. 

In Part II rupture of the target, by 3palling from the front 
face or scabbing from the back face, is discussed, with 
emphasis on the latter aspect. The formula 

I ! r 

(5.4) = KgW, (5.6) »1* S  *hWv 

i  t< 

proposed by do Giorgi and by Hoidinger, respectively, for 
the scabbing depth s^ caused by a projectile of woight W 
and velocity 
The formula 

v arc subjected to a critical examination. 

(5.7) =  Kr Wv' 

I .is proposed in tho report, as an alternative which seems 
moro plausible on theoretical grounds. But it is to be 
concluded that there is at present insufficient data avail- 
able to allow a reliable treatment of scabbing. 

Part III is devotod to tho question of perforation of a 
target of given material and thickness c ; in Sec 6 to 
the case in which scabbing is inconsiderable, perforation 
being achieved by pure stop-by-stcp penetration, and in 
Sec 7 to the case in which scabbing may play a more impor- 

ts* 
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tant role. In the former, application is made to the prob- 
lem of determining the "limit velocity" v, of the plate - 
i.e., the velocity just sufficient to cause perforation« The 
formula 

V (6.8) « Vv K L4-  « (fn of | ) 
a«      d 

E 

is derived on the Poncelet hypothesis, and compared with 
various perforation formulae. The penetration cycle is 
discussed in Kote 6, and the results illustrated graphi- 
cally in Plate III. Sec 7 contains an exposition, follow- 
ing N. de Giorgi, of a method by'which the ccubined effect 
of penetration plus scabbing may be determined from the 
separate penetration and scabbing foimulae. 

» The final Fart IV reviews briefly the conclusions which may 
be drawn from the investigation, with particular reference 
to the dependence of penetration on 

i  ft« 
a..«weight and size of bomb 
b...striking velocity 

target. 

(a) The data available in the literature seem to warrant 
the expectation that, for similar bombs, the depth of pen- 
etration (2.4) is proportional to the sectional pressure P 
of the bomb, with a coefficient 
the striking velocity - i.e. 

F(vQ) which depends on 

(2.4) p y(v0) 

This implies a resistance 

A f(v) 

vi 
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proportional to the cross-sectional area A of the bomb» 

(b) Again, the available data seem to warrant the expecta- 
tion that the sectional resistance f(v) decreases as the 
velocity of the bomb deereases. It is considered signif- 
icant that the empirical de Giorgi formula agrees closely 
with a formula of the Poncelet type (Plate I), and it is 
accordingly suggested that the assumption 

• 

(2.8)   f(v) = a fbv2,  F(v) = pfelog- (I+7V2) 2bg*"Be ^Ta 

be entertained as a working hypothesis. 

(c) The need for a more adequate correlation of elements 
entering into the penetration process with ascertainable 
physical properties of the target material is stressed. A 
theoretical argument favoring a sectional resistance F(v) 
of the form (2.8) is advanced. In brief, it is argued t2»t 

vii 
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4 or tne rorm iz.ej is advanced, in Drier, re is argued trB-c 1 

the actual mechanism of resistance involves both the over- / 
coming of cohesion and the overconing of the inertial re- \ 
action of the resulting detritus; it is contended that the \ 
♦*"? törrne » «** b v2 enterine into f (v) above do, in \    -. 
fact, re^i-oböut these t7,-c clementc, and it is suggested 1 i 
that it may be profitable to determine to v/hat extent they 
alone may be able to account for the observed phenomena. 
More specifically, and more tentatively, it is suggested 
that the former may be related to the hardness of the tor- 
get material, and that the coefficient b in the latter 
may be represented (as in exterior ballistics) as the den- L 
sity of the material, modified by a suitable "drag coeffi- 
cient. " Notes 7 and 8 report ballistic and hardness tests 
which may be relevant to the determination of the "shatter 
strength" a. 

The report concludes with a Glossary of symbols used, and a 
Bibliography of the principal references consulted in its 
preparation. 

! L 
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INTRODUCTION 

Before study can properly be made of the combination of 
materials in a structure, it is essential to gain some 
fairly clear concept of the forces to be resisted. In the 
problem under discussion, that of designing structures to 
resist the loads imposed by aerial bombardment, it is im- 
portant to realize that these loads are dynamic and of 
magnitudes probably in excess of those dealt with in such 
efforts et dynamic structural design es have heretofore 
been made. 

The first efforts of the Committee arc, therefore, directed! 
to obtaining a clearer conception of the forces which may 
be imposed on a structure by the falling and detonating 
bomb and it is therefore natural that the first studies 
should be of a physico-engineering problem, to wit "What 
size, thickness and physical properties of materials will 
be sufficient in the exposed members to absorb the immedi- 
ete effects of impact and explosion?" 

This question may provisionally be answered if solutions to 
a number of separate problims can be obtained. Among the 
more important of these would be 

0 H •c.The resistance offered to penetra- 
tion or perforation, insofar as 
this is clue to the localized prop- 
erties of the r.rterialo involved-- 
e.g. the ability cf an otherwise 
rigid slab to withstand a crushing 
blow. 

b...Thc rtsistrr.ee offered to r.n explo- 
sion, dctem-t-.d within or in the 
neighborhood of v, given member, in- 
sofar as it is due to the localized 
proptrties of t\ e Materials involved. 

• 
c...The reaction of a member of given 

size, and r.'tcrial,  and  having a 
given method of support, to impact 
or explosion, insofar as this isit- 

! . 



r tributtblc to properties of the num- 
ber as a. -whole-- e.g. the fbility of 

f-x f- bctra~ör column to withstand the 
sudden strains incident to the local 
resistance offered to impact and ex- 
plosion. 

The gonercl purpose of the present report is the discussion 
of the theoretical and experimental results cvciltblc-, at 
the present tine, for the solution of the penetration prob- 
lem listed under (a) tbove. It will, in particular, deel 
with the penetration into and perforation through solid 
(concrete, st'el, wood) and semi-solid (earth,sand) bodies. 
Beciust mrny of the penetration formulae found in the lit- 
erature ere brscd more or less directly upon r. theoretical 
bc^ckgrcund, it is desirable to begin the. study fron c theo- 
retical standpoint broad enough to include the more spe- 
cific laws which neve been proposed. The relation of these 
latter to the general theory vail then be discussed, hand 
in hr.nd with the experimental and obcervatione.l evidence 
c.vailtblo in the literature, or otherv;i..o- mr.de r vail able to 
the Corrmitttc for this purpose. The report presents t.nta- 
tive conclusions based upon the present examination of the 
subject. 

|  % #rj Irinciton, Few Jirsey H. P. Robertson 
~"  • Kovemb«r 4, 1 9 4 0 
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PART I 

PENETRATION 
Introductory 

It may be tacitly assumed, for the present purposes, that 

the maximum demolition of an objective will be realized if 

the impact energy of the bomb or projectile is totally used 

up in penetration before the charge explodes; the study of 

penetration may then be separated from that of explosion. 

Lvc-n if subsequent evidence should indicate that maximum 

effects do not result from this sequence, none the less 

th< maximum penetration will be of interest. 

It is to be expected that such maximum penetration of a 

bomb into a solid or semi-solid body will occur under the 

following conditions: 

e.. .Incidence, norr.nl to surfp.ee of 
body " 

b...Axis, tt-rprcnt  to   trajectory 
c.. .*'otion~ rtctilim pr 
d...Cesc undistcrvei throughout pen- 

(■ t r u ti on. 

The study of penetration under these conditions, which are 

the most unfavorable from the standpoint of the defender, 

will Iced to criteria of the most exacting requirements fbr 

design of shelters to resist penetration. Since it may, 

hov.cver, be within thi pov.tr of the defender to alter cer- 

tain of the above conditions by appropriate design, the 

effect of deviations from them will also be discussed. 

i i 
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PART I 

■ PENETRATION 
Introductory 

It v/ill be assumed throughout Part I, in discussing depth 

of maximum penetration, that the homogeneous target is 

thick enough to bring the bomb to rest; the problem of per- 

foration, where the bomb breaks through the target, vdll 

be discussed in Part III. 
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PART I 

PKEETRATIOK 
1. General Theory 

1.. .Gene-re 1 Theory of penetration} 

The resistance R offered by a body may be expected to de- 
pend on the depth of penetration x e.nd on the velocity v 

s dx/dt of the bomb c.t the moment t under consideration, 
as well as on certain pframeters characteristic of the phy- 
sical structure of the body (strength, density) and of the 
bomb itself (size, shepc). See Fig 1*. Tht force of grav- 
ity mty safely b ignored as utterly insignificant in com- 
parison vdth the resistance R , at least so long as the 
bomb is rctur.lly in motion; the equation of motion of the 
bomb may, under these conditions, be taken asj 

(1.1) W dv 
g dt 

-R(x,  v)  , 

L i  %' 

© 

where W is the weight of the bomb, g the surface accel- 
crttion due to gravity, and R some function of the vari- 
rblcs    x    and    v**. 

Kuv; although R might be some quite general function of x 
end v , it is characteristic of the penetration theories 
htrc considered that in then the relative values of the re- 
sistance offered to bombs of vr.rious velocities v arc the 
sane for til penetration depths x ; i.e. the resistanct- 
vclccity curves corresponding to any two depths are«, to 
within c multiplicative, factor, the sent-. This mains that 
the resistance P.(x, v) is to be taken as the product of P. 

function (p (x) depending only on x , and u function f(v) 
depending only on    v . 

• To simplify the process of clear reproduction, end for pur- 
poses of etrsy reference, ill Eiguros accompanying this re- 
fcrt will be found groupfd on pi g< s rt the end, so f rr'.nged 
th'.t they cm b<   opened out and read parallel v.ith the text. 

►♦pr.rlish engineering units are rdoptcd e.s    stondr-.rd for this 
report,  flthou.'h the corresponding Continents units ne\y oc- 
c»sienally b<  used;    conforming    tu military practico,        W 
tad    ?.    rre nc-surcd in lb,     x    in ft,     v    in    ft/sec,     the 
caliber    d    of tr.e projectile in   _in  ,  rr.d    g s 3<i.2 ft/soc2. 

I ^ 
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PART I 

paT2TR/i.TIQ^ 
1. General   Theory 

Since 
dv ("dx"! ("dvl   . 

£T   =    |dtj|_dx]   " 
T5l   ,     and 

dx 

R     =   <P (x) • f(v)  ,    the equation of notion (1.1) 

may now be written 

(1.2) 8     dx 

a f om nost suitable for integration, 
two auxiliary functions 

(1.3) $(x) ■   A f (x) dx, 

- <f?(x) f(v) , 

On introducing the 

1 / v dv 
F(V) s - / 717)-. 

the integral of eq (1.2) for a bonb known to strike the 
Burfece x = 0 with the velocity v0 may be written 

(1.4)    $(x) =  w  [F(V0)  -  F(v) 1  ; 

froa this the velocity v of the borab at any depth x can 
bo ccaruted. If, in particular, the target is thick enough 
to bring the bomb to rest, then F(v) a 0 , and the great- 
est depth x^ to which it will penetrate is given implic- 
itly by 

(1.5) $  (XjJ W F(v0) . 

It will be found convenient, for uony W~«. *° *££££ 
the relation betreu velocity end depth of pej^ration 
graphically. Let the line 0* in Fiß 2 represent a line 
extending inward fror, the face of the target in the di- 
rection   of   notion,    and let    distances   x    fror, the      face 

o 
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PART I 

PENETRATION 
1. General Theory 

be measured along it. Take as ordinatcs th- vtlocity v of 
the bomb, -neasured along OV; a point N a distance x 
fron 07 and distance v from OX then represents tho 
instantaneous state of v bomb whose nose has penetrated to 
e distance x into the target and v.hich has, ut the depth, 
tho velocity v. The point N0 represents the bomb strik- 
ing the fuce of the tercet with velocity v0, and its ve- 
locity v at any subsequent position x will be repre- 
sented by e point V. on i curve V0 I! TIj whose coordi- 
nates x, v satisfy eq (1.4); the point Mj at which this 
curve intersects the X-axis, assuming sufficient thickness 
of target, then gives the- dspth xj at which the bomb comes 
to rest. 

If it is desired to know the tine required for penetration 
to depth x , eq (1.4) must be solved for v as a func- 
tion of x and tne resulting equation integrated, i.e. 

(l.o) 

dt 
G(x) ; \, 

x 

dx 

/ G<x)' 
r 

o 

This quadrature  requires,   in ill  out the simplest cases,the 
application of numerical or graphical methods. 

Further progress in the  study of penetration can be mi de by 
either 

a...Obtaining, fron theoretical and 
other cor.sidertticns.is :-orc def- 
inite lav for the resistance H, 
and hv.net. for the functions y 
and ¥ appearing in the pene- 
tration fcrmulue. 

b...Using the obscrvr.tior.ul material 
on penetration depth is a func- 
tion of tin' wt ight r.i.d striking 
vtlocity of the bo!'.fc to deter- 
mine th« st   iVnctions  empirically. 

:'oth of thts«  methods v.ill  b(   illustrated in    tin: fol loving; 
survey of f-rticulLr theories of pmetratior. 

O 
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Q 2...Sectional Pressure Theories. In Generalt 

The ncjority of all theoretical or semi-empirical attempts 
to arrive at a specific form for the penetrttion formulae 
(1.4), (1.5), for depths x large compared v/ith the cal- 
iber d of the projectile, are characterized by the 
assumption that   R(x, v) is 

a.. .Proportions'1 to the maximum cross- 
\ sectional  area of the bomb,   i.e. 

(2.1) A    =     fl(d/2)2 

b...Independent of the depth of pene- 
tration x. 

It is then permissible to take 

(d.z) cp(x) s  A i ,   i> (x) - A i x , 

v.here i is i- dimensionless constant which ru:y depend on 
:     /«*v tho shape of the bomb    end v/hich »r.y,   if desired,  be        ab- 
i     \Jf sorted in the  oth< r f(ctor    f(v)     ;     the  section;.1    rcsist- 
1 ' rr.ee   4ffi) \'J depends above all on the physical properties of 
| 1hc tcrget nr.te.rirl,   but nr.y in addition be  influenced      by 
1 " the  shape  of the bomb.      This  sectional  resistance    has the 
; • physical dimensions of pressure and is metsurcd,     in        the 
! units idopted as sttndr-.rd for this report,   in lb/in^ — or, 

in the corresponding Continental  system,   in kf/cm^. 

The feneral pene-trction-velocity end    maximum      penetration 
ferr:ulre    (1.4),     (1*5)    become      under    these    assumptions 

(2.3) x    = I    j>(v0)    -    F(v)1    , 

(2-*) »i = I      F(v0)   , 

v.here    p    is the se'Ctionc]  pressure  of the bomb,i.e. 

{'c.l) PSW 
A 

! 
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b 1 ° 

i 

It is measured, in the standard units, in lb/in . Thus, 
in any theory chf.rt.ctt.rized by the- two assumptions (a), (b) 
above, the depth of penetration of bombs of similar shape 
is directly proportional to the sectional pressure Pt 
Such theories will, therefore, be referred to as sectional 
pressure theories; in them the weight and calib«_r o? the 
fcomb enter into the penetration formulae only in the combi- 
nation P , although the form of the bomb nay enter through 
the form factor i or otherwise. 

r 

-j 

i «• O 

The graphical representation discussed in Sec 1 assumes here 
a particularly simple form, for in the: case of a sectional 
pressure theory, the velocity-distance curve for any strik- 
ing velocity can be obtained from that for any other by 
sliding the curve as a whole along the- X-axis. A glance 
at Fig 3 will illustrate this in a manner useful in the 
stquel, for on following the curve back from any maximum 
penetration depth x^ the same curve is obtained in every 
ccse, except for its location alon^ the line OX; read from 
this point of view, the curve is just that representing the 
re-lction (2.4) between striking velocity v0 and maximum 
penetration x^ , rs shown in the inset, Fig 3« 

The noro important sectional pressure theories found in the 
literiture vail be reviewed in the remcindcr of this sec- 
tion; relevant data will, for the most part, be relegated 
to tiie Notes it the end of the report. An attempt has been 
made to choose the notation in such a way as to tvoid con- 
fusion on conpi ring the various f omulc ; this results in 
the multiplication of the number of symbols employed and, 
in ntr.y ctses, in r. deviation Tro-n the original notation. 
For these reasons, a Gloss; ry of th>: symbols employed has 
been idded ft tha end of the report. 

2t...Robins-Euler; 

A theory which plays an important role1 throughout the his- 
tory of the subject is that in which the resistance R is 
assumed to be proportion?»! to th< maximum cross-sectional 
iTii' A of the projectile end indept r.der.t of the velocity 
v , rs well ts of the depth x. Th' relevant auxiliary 
functions rre then given by    (2.2)  ind 

■•u,    const.    , 1-'-/"'"i    ~      -2 f(v> F(v)     =      v< 

Y r. 



4    . 

Q 

PART I 

PEUETRATIOK 
2.  Sectional Pressure Theories 

I • 
on setting the form factor    i = 1,  the    equation of   motion 
(1.2) may be v/ritten in the significant form 

(2.6) dE ■ r dV where; E-iLv2 

*E 
dV = A dx 

are respectively the kin« tic energy of the bomb end the vol- 
ume of target iTU'tcribl displaced v.hcn the bomb moves an 
additional distance dx into the target — at eny stage in 
tht motion after the bourrelct has penetrated tho surface, 
cs in Fig 4". This m<ans that, neglecting the nose- effect to 
be considered in Sec 3a below, the energy E required for 
penetration is proportional to the volume V displaced,and 
the constant of proportionality is interpretable- as the en- 
ergy required to remove unit volume of target material.* 
The maximum penetration x\ rnd the time ti in which this 
pmctrction takes piece rre then 

(2.7) *1 :— ¥o 
•K 

- JL 

8 v*b 
Tin second of these equations mty be obtained by noting 
thtt the deceleration of the projectile is tht constant 
jUf/p, and, hence, tht time t^ is the quotient v0/dccel- 
err tion. 

icrhaps the eirlie-st qui.rtitf tivc investigation of penetra- 
tion is that recounted by Benjamin Robins  at 

ROBINS   the end of his Hew Principles of Gur.r.rry, pub- 

»In the str.ndt rd units M- is still in lb/in2, for although 
E is in ft-lb, the volume V" is in the rather unconven- 
tioncl ur.it ft-inc inutcrd of ft° or in . A number 
of Continental writers, rmonf them 0. Sp<th rnd M. Vi^ser, 
htve atter.pti d to nt int:.in a physict 1 distinction between 
the units cr.-kg/cr.3 md kg/em . 

/ 
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lished in London in 1742*.   In it, Robins stetes thr.t the 
depth of penetrrtion of r bell into ««. solid body is  ob- 
served to be proportiom1 to the squere of its striking ve- 
locity, end concludes therefrom thet the rcsistrr.ee is a 

constcnt. This result wes elcboreted by I eonr.rd 
EULER   Fulcr in r note in his translation of Robins' 
~~~"=""   tre.vtise into Gcrntvn, published in Berlin in 

1745+*; stertinf, fron the constency of the rrsistence,  end 
issuming its proportionr.lity to cross-ssctioni'l eree, Euler 
deduces a formula for x^ which is fully equivelent  to 
(2.7) rbove.   The detfc given by Fuler lead to the values 

M-elm r 22,000 lb/in2 ,  |>eerth = 1900 lb/inJ 

i %«© 

for ein wood end earth,    in quite good agreement   with nore 
modern velucs. 

Ihis simplest theory recurs frequently in the litercture of 
the- subject;    one of its most important    rediscoveries from 

the present standpoint is thc-t of V».  Peres,  pub- 
PERES        lished in the journal Gasschutz    und    Luftschutz 
~~"~~        in I932.t**      Peres computes thY 'pröportiontility 

fr.ctor from published French end /r.cricrji de.tr  on bomb pen- 

o 

»1742.1 - by which is meent the first item under the ycer 
1742 in the Biblionrrtphy :t tho end of the report* Poncelet 
in 183d.1, p. 60, cleims this distinction for his country- 
nrn the Abbe Cimus, or. the be sis of in account ''Sur l'rction 
d'une belle de nousquct qui pout porcc-r un corps solide 
stns le r.ouvoir sensiblerunt," Hist, r.cr.d. sciences 1733, 
pp. 93-101; but although Crmus dors rXvt en account of the 
vrrious ftctors entorin^ into the problem, including men- 
tion of the resistance of the wood fibres, the results v.re 
qut.litttive rtther then qutntitetive. 

•»1745.1,  pp.  404  ff.  of the Collecttd Yorks  edition. 

••»1952.1,   pp.   253-255. 

-'•v 
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£ © ctrution; reduced to standard units, typical velues of JLA~ 

thus obtained are « 

U-earth - 2100 lb/in2 ,U-concrete = 11,000-17,000 lb/in2 

1.0 

Values given for concrete by Heidinger*, obtained in part 
from the work of Kobilc de Giorgi to be reviewed below, are 
higher, running fron 14,000 lb/in2 for poor or green con- 
crete to as high as 49,000 lb/in^ for reinforced concrete. 
These end other data on the Euler penetration formula are 
collected in Note 1 et the- end of the report. 

s this coefficient^ the "shatter strength" 
estigkeit) of the material" in the*" a sc of 
es; he believes :.t to be some fraction of 
rer.gth" (Zermalmingsfestigkeit), which he 
as finding to be some 1,400-28,000 ('.) lb/in2, 

E- Gailer** call 
(2crtrummerungsf 
friable substanc 
the "crushing st 
reports p.osivtl 
v,ith an average- around 4,200 lb/in*.    Gailer    claims        the 
shctter strength 
strength (Druckf 
thct it may be r 

hos nothing to do with the compressive 
estigkeit) of ttu- substance, but suggests 
elated to Schubfestigkeit (punching strength?). 

2b...poncclct» 

The Roblns-Eulor formula is based on thi assumption thrt 
the work required to displcce unit volume of terget rateri- 
cl is independent of the velocity of the borb, as well as 
of its depth. But it rn^.y be- argued thrt, as in the case of 
p projectile moving through air, there should be en nddi- 
tionrl resistance depending on its velocity — perhrps, as 
in the cuso of air, proportion!1 to the square of the ve- 
locity. In the interpretation developed more fully below, 

/ 

' \ 

O 

•193b.2, p. 457. 

••1937.2 

10 
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© the constant part of the- resistance would represent the 
force required to overcome the cohesion of the target mate- 
rial, and the part depending on the velocity the force re- 
quirt d to set the broken material into motion.  Such e re- 
sistance was indeed postulated by J. V. poncelet in tho 

first edition of his Cours de- mccanigue in- 
FOFCELET   dustrielle, published in 182y. '" since the 
"""~ "~   first edition of this work is not available 

c.t the moment of writing this report, and since the (.uthor 
removed these considerations from the available second edi- 
tions, the following account is based upon a non-mathen'.ati- 
ccl discussion given by Poncelet in c report on the exper- 
imental work of two of his colleagues G. Piobert  and A. 
}.<orin, and upon other sources*. 

Let the velocity dependent factor f(v) of R be taken 
as a 4 b v2 t where the coefficients e and b i r»? to 
be considered as depending primarily on the target material, 
although the shape of the projectile may conceivably hfve 
en influence on them. The auxiliary functions «fund <t> are 
then given by eq (2.2), and from the above and eq (1.3) 
it follows that 

y 

(2.8)   f(v) - a ■+ b v2 ,   F(v) - J_ In (1 •+ * v2 ), 
2gb P 

(v.nere In stands for the ncturr.l logarithm to the base 
i, z  2.718....). The depth of penetration x at which the 
velocity is reduced from v0 to v is, by eq (2.3), 

(2.9) x * 
b V-$£ 
b v2 

and by eq (2.4) the maximum penetration achieved 
bomb of striking velocity v0 is 

by a 

(2.10) XT» 

•Poncelet 1835.1, pp. 57-7Ü; Didion-Morin-Piobert 1836.1. 
See clso Didicn lü4b.l, Sec. VII, and  Crmz 1925.1, 
Vol. I, pp. 457-450. The notation adopted follows closely 
tnat of Cr&nz» more readily tvail:.ble leurbuch. 

11 
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From eq (2.9), it can be shown that the time t^ required 
to bring the bomb to rest is 

P 
(2.11) tl = 

Ei ~\fib 
tan"1(v0 VT) 

I 

UK © 

i 

The evaluation of the parameters    a    and    b    appearing      in 
this tneory is due largely to the experimental    v/ork    of G. 

Fiobert, A. Morin and Is.  Didion,    constituting 
PIOBPRT    the S0_Cßiied   '??etz Committee,"  in which    balls 
L  .'T ••      were shot into vrrious media,   ranging fron damp 

'.      clay through various woods to limestone. The 
empirically determined values of these parameters ore given 
bcth in the original units and in those standard for this 
report, in Note 2*. It is of interest in the present con- 
nection to remark that a greet many of the reports on Air 
Raid Protection which have been published v.ithin the pt.st 
few y.trs, lttn heavily or. this cer.tury-old work for data 
en penetration; thus, all penetration data given in the 
!''.-icr&ndur' issued by the Institution of Civi] Fjigineers in 
1539** t<re obtained from the work htrc under review, with 
the exception of eight points — and these letter are 
traceable to the 191.1 papers of Mobile dc Giorgi, to be re- 
viewed  in the  sequel I 

Bcctusc of the historical importance of the Poncelet formu- 
la, and because this theory s^crs to offer the most prom- 
ising background frei which to Hegin the study of penetra- 
tion, th* nechtnisn of penetration to which it nost nttural- 

i   y 

•From Didion 1846.1, pp. 241-244. Crv.nr.  19*5.1, p. 459 give: 
c fairly complete list. 

••1939.3, pp. 42-43. 

o 12 
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ly corresponds mey be here elaborated.* 

+    * » * t M * 

"I assume that the work done by the bomb in moving a dis- 
tance dx is expended in 

a...Breaking tht- bonds which an; re- 
sponsible for the cohesion of 
solid or  semi-solid mt.tcrial. 

b...Supplying the resulting detritus 
■with the kinetic energy required 

• to get it out of the path of the 
bomb. 

. The first,  I assume — e;5 in the Euler theory -- to be pro- 
portional to the volume    dV    s    A dx    of material affected, 

• In order to emphasize nuturnlness of this interpretation,,it 
.   ' . . may be  pointed out thtt the  entire description of the mech- 
\^ oiism here  given was arrivtd at by the writer    quite    inde- 

S    VAE? pendrntly of its historical roots,  including the hypothesis 
thft for shallow penetration, the resistrnco should be pro- 
portional to the amplitude of impression, is developed more 
fully in Sec 3r. below. At thcit time., th* only reference on 
hrnd wi.s Crun' Lehrbuch, containing r. trble of vc.lues of 
a    r.nd    b/f.;    with the interpretation above in mind,the val- 

H ' ucs of    Üb    v.-tre  exrntined r.nd  found to be   in good agreement 
with the densities of th<" materials. In come cc.ses, the 
rgrctment v*i s so close, it wi s suspected th;.t the density 
may heve beer, introduced is e. pert of the dt.taj a se-rrch of 
the literr.turc""brovpht to lijrht the references to Ponc-lct 
183b.1 r.nd I'orin 1637.1, which revc:rl«.d that the propor^ion- 
rlity of b to the density p -was indeed contemplated it 
various times. But, nlyirg on the explicit d(scripticn in 
Didion ld46.1, p. 'c'6b, of the mtnner in which the coeffici- 
ents b/u t.nd subsequently b r re to be obttined, it mr.y 
still be believed that this hypothesis wrs not r.ctuclly em- 
ployed; if this concli sion proves to be vi.lid, the good 
egreem^nt obteincd betve-cn i;b t.nd fi in most cases con- 
stitutes i' strong point in fiver of the . ntire hypothesis. 

. ' The original piobcrt-üorin-Didior  reduction (Memorial d'rr- 
tilltrie- No 4)  is still not t.vailtblc to the  Conmittce. 

13 
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with u proportionality fr.ctor a which is independent of 
the velocity; this 'shatter strength' is a characteristic 
of the material, r.nd is the subject of a more detelled in- 
vestigation in Sees 3a end ö below. Secondly, if it be 
assumed that the flow pattern of the crushed metr-rial is 
similar for different velocities v of the bomb (See Fig b), 
then the average velocity v' imparted to this material is 
some multiple VV of v. The kinetic energy imparted 
to the debris dislodged during the displacement dx is then 
Y w1 v2 A dx/2g, where, w' is the weight of unit vol- 

ume of target material. The total resistenco to the motion 
is thc-refore to be taken as 

R = A (a t    Y w' VV2S) . 

and on comparing this with Poncelet's equations,   it is seen 
that 

4 

i 

i 
*# 

o 
(2.12) 11' 

2 6 \ vr 
v/h^re p' is the density w'/g of the medium. It can, at 
best, be hoped that the empirical values of b will be 
found proportional to h.f*,  with e frctor of proportionality 
Y     not too far from unity»;     for t  rough comparison,       in 

the  rbscr.ee of quantitative information  on the flow prttern, 
it  should suffice for this purpose to set y s    1.    The re- 
sults of such (   comparison trt exhibited in Note 3,in which 

£- p* is computed on the basis of available tables of spe- 
cific gravity of substances of the kind investigated by the 
Metz Committee; not only is the order of magnitude, in gen- 
errl, correct, but also the- relative values — and, in many 
cases, the absolute values -- show a surprising rgreement. 
I return to this point in the discussion of armor perfora- 
tion in Sec 6 below. 

'fTy/6    will then correspond to the  "dre.g coofficient"    in- 
troduced in exterior ballistics;     cf. HayfcS  1938.1.  p.  412. 

O 14 



i» < ■ «nri'i M n t „I »t,,-. 

i i>i «■ ,. - fi n 

■    ii ■■a.Jn J*—...t.    iit   *trirr> «stu. 1I»I «i ijKifc   T <_t_»»  .-■ MMIIA^,-:- 

l-ART  I 

PEUETRATION 
2t Sectional Pressure Theories 

4- 

) 

% 

I do not believe that the procedure cdopted by Poncelet raid 
Didion* for the dotermimtion of the form of the penetra- 
tion cavity is well-founded -- and, recording; to Cranz, it 
lt:ßds to results which ire in poor agreement with the ob- 
servations. This procdurt emounts to t ssuming thtt the 
volume of the crater down to any depth x is proportional 
to the kinetic energy expended by the projectile in reach- 
ing this depth, thus representing a retrr-at to the Euler 
hypothesis; it bears a resemblenee, however, to the inter- 
pretation of Viestr's penetration formula offered in Sec 3b 
be lev.'." HPR 

********* 

A modification of the Poncelet penetration formula, in c 
form involving only    one    perimeter,   was    proposed by pe'try 

in 1910, presumably c-s the result of reworking 
pfo'RY      of the old and the addition of new dt'ta.      pe'try 

expresses the penetration deptn in the forn** 

© 
(2.13) w  W f (v ) 

where fr(v0) is given in tabul; r form. For the purposes 
of this report, it will be found r.ore convenient to convert 
it into tht. form 

(2.13') f\     P log10 (1   4    vo
2/215,O00)  , 

following the  proc(dv.re of the handbook Civil protection»»» 

• Didion lc*48.1,   p.  244;    Crunz 1925.1,  p.  463. 

»»1510.1,  pp. b3-o5. 

»»♦1930.2, pp. 140-141; mention is r.rde frurr of the f( ct thrt 
pr'try's function fn(v) is ir: fact 10 loglu (1 + 50xlO"°v2) 
where    v    is measured in    n/sec. 

lc 
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the velocity v0 in eq (2.13') is to bo measured in 
ft/sec. Values of K. , corresponding to those given by 
Petry and subsequent investigators using his formula, are 
given in Note 4. 

******* 

The work of Poncelet and contemporaries has been made 
the basis for developments by later writers; two such cases 
may be briefly mentioned as of possib.l^ interest in the 
present investigation. 

In all of the above, it has been tacitly assumed that the 
projectile suffers no deformation on impact or during pen- 
etration. T, Levi-Civita* attempted to take such defor- 
mation on impact into account by replacing the area A by 
the larger effective area 

(2.14) A«   ■    A (1 + 1^ v, o' 

»H« assuming that such deformation can be represented by a lin- 
#^ ear function of v0 • This additional factor could, if de- 

•***. sired, be absorbed in the shape factor i . 

H. Resal** proposed a resistance law for viscous sani-solids 
consisting of the sun of a term linear in the velocity and 
a quadratic term whose coefficient depends on the density 
in the manner described above; Rosal found that, in order 
to fit certain of the data of Piobert and t'orin, the coef- 
ficient corresponding to y *n the present treatment must 
be of the order 1/7. Resal«s procedure offers an appro - 
priate modification of the earlier French work for cases in 
which cohesion may be expected tp give way to viscosity; in 

♦1906.1. 

**1895.1. 

16 
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this connection, it racy be noted that the decrease in rela- 
tive importance of cohesion in comparison with inertia for 
scni-solids is shown by the rise of the vclue of b/a for 
masonry to 13 times this value for a mixture of sand and 
grrvel. 

2c...Kobile de Giorpii 

An important source of informetion on penetration, often 
called upon in recent work on Air Raid protection, is to be 
found in the seni-empirical investigations of the Austrian 
Kobilc de Giorgi». By assuming that the resistance is in- 
dependent of depth and that, as in air, it is proportional 
to the cross-sectional area of the projectile,de Giorgi de- 
ducts a general penetration formula equivalent to the gen- 
eral sectional pressure formula (2.4) above. In order to 
determine the function F(v), de Giorgi eschews the resist- 
ance laws of Eult-r, pcncclet wid Resnl as only "simple an- 
t-lyticul forr.s for approximates representation" and proceeds 

.- empirical),   on the basis of    penetration data    ranging from 
W\   ' - smfcli  tr. j up to 24 cm mortars.      He* finds that for    groups 
i    ' of similar media (e.g.   crrth,   gravel,   sand),     the    form    of 
\    ^3 F(v)    is the same,end that the penetration formulae" for the 
1   •     • various members of such a group cen,  therefore,  be obtained 

by ropltcing    F(v)    by  kF^v)  ,    Vrhfre    the parameter k 
chfracterizes one particular group rumber (e.g. k s 0.45 
for broken stone, k «0.9 for dry send), and F(v) is 
the- same function of velocity for al) members of the rroup. 
The penetration formula    (2.4)    may then be written 

(2.15) x,       .      Pk  F(v0)   , 
1 i 

•1911.1, pp. 1003-1011, 1111-1123. For an excellent summary, 
in French, of the mort rolevent aspects of dc Giorgi's woik, 
sec Mcntigny 1936.3. 

. 
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where the factor i again depends on the shape of the pro- 
jectile. The two principal groups of media considered by 
de Giorgi are (e) ecrth, sand, gravel,clay, etc., and (m) 
masonry, principally brick end concrete, end the velocity 
functions Fe , Fn characterizing these xwo groups are 
deduced fron the data and given in tabular fom. The 
values of i , k , Fe , end F obtained by de Giorgi 
ere given, in the units t-doptcd hure, in Note 5. 

The penetration values calculated from (2.15) should, ac- 
cording to dc Giorgi, represent the avt.ro go of a number of 
shots. He cautions that, because of~in"l omogcnf-.ities in the 
medium, rotation of the shell,etc., the rraximun and minimum 
penetrations observed may, in the case of materials of" thT 
earth group, be Z'Jc;-> more or 2b% less than the computed ov- 
erage,for striking velocities in the range 1000-1300 ft/sec. 

No attempt is rude by do Giorgi to discuss the depcrdcr.ee 
of resistance on velocity implied by the tabulated F val- 
ues. It is, of course, possible to work backward from them 
to find the resistance; thus, for exmple, because of the 
rpproximately linear character of Fn between 650 end 1300 
ft/sec, it follows inmedifcti.ly th*t in „this rnnjre, the re- 
sistance is approximately proportional to tin- velocity of 
the, bomb. In this same crttgory is the cmpirictl penetra- 
tion formula 

(2.1b) X]L  =^Pv0 

due to Zalcsky*. 

Other sectional pressure theories in to be found in the 
literrture.es for exenp) «.,t:ios« of v. v. Tftiich** end of Re- 
sal, mentioned t-bove;  they ar<-,for th«   most part, mainly of 

•Qiotcd by Vitscr 1934.Ü,  p.   310. 

••IdSS.l,   1st part. 
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:0 
historical interest, end consist chiefly in P. reworking of 
the older data. In feet, a fairly thorough survey of the 
available sources mak^s it seen likely thr.t the three theo- 
ries discussed in detail in this SvCtion represent the prin- 
cipt 1 contributions to th'tr"subject of ponetrTtion in"rruTttr- 
ials other then amor plate. This beiioi' is cträngthened by 
the fact that most of theTccent reports examined are based 
almost entirely on one or more of these three lines; thus 
the only penctrv.tion formulae contained in A R P Handbook 
No 5* r.nd in the handbook Civil Protection»» "are,"with one 
exception (Vieser), those of fonce-let, Pe'try, and Peres, 
while, ts mentioned before, the only ones given in the In- 
stitute of Civil Engineers' Memorendun are Poncelet and,via 
Bazant, points fron do Giorgi. The situation in recent 
^rench, Gerr.cn, Czech, rnd Hungarian reviews seems to be 
about the srno, with respect to sources of theories and 
data, as in English*»*. 

v/ 

i V 
o 

* * »»»**» 

•1939.1,  Ch.  2. 

••1939.2,  Ch.  13. 

•••Thus in the reviews of Mcntigny l?3o.4; Bannt 1937.1, 
pp. lo5-173; Vieser 193o.5, pp. 134-1*;?; Hcidinpcr 193ü.2; 
t'ilotr  1933.1,  pp.  2o2-27£;  Hs rosy l9o7.4,   1937.5. 

*   3 

© 
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PART I 

PENETRATION 
3. Depth Effects 

^ .      3...Depth Effects: 

Deviations fron a sectional pressure formula for penetra- 
tion arc to be expected in any case in which the resistance 
depends on the depth of penetration.-'" Thus, if the shatter 
strength were found to change with depth, such en effect, 
analogous to the barometer effect in exterior ballistics, 
would be expected; for practical purposes, however, it 
would probably be found preferable in such a case to con- 
sider the medium us compounded of homogeneous layers, in 
etch of which the sectional pressure formulae vrould be ap- 
plicable. The two cases which will be considered in some 
detail here are 

a...That in which the length of the 
bomb is an appreciable fraction 
of the penetration depth,for then 
the acturl shepe of the nose may 
be expected to piny a more com- 
plicated role then can be taken 
into account by the introduction 

« of P  semi-empiricrl form fac- 
1 tor i . 

b...That in which the shtpt of the 
crrtcr produced indicates that 

j^*i3^ the volume of miteri?! crushed 
per unit length of pcth increases 
with depth, as should be the case 
when lirgc enters vre produced 
whose external rrdius increr.ses 
with increasing penetration, or 
when there is evidence of defor- 
mition of the bomb case. 

The first of these effects may be expected to be of im- 
portance in dealing with exceedingly resistant targets,such 
rs ennor, and the» second when dealing with a substencc,such 

. rs concrete-, under circunsttnces in which a considerrble 
[•mount of sprlling occurs; the two theories discussed below 
take these factors into recount. 

St.«. .!'ose Effect.  Forint 

Thtt the resistance lew during the initial stiges of pene- 

20 

■^ ----- - — - -  - -  - 



1 .ik 

1 

I 

■ 

i trP 

tfARi   X 

PENETRATION 
3. Depth Effects 

tration should depend upon the actual area on contact with 
the target was recognized as long ago as 1835 by Arthur flo- 
rin, who included careful experiments on this effect in 
his classical observations on friction*. Horin's procedure 
consisted in dropping a ball from various heights and meas- 
uring the diameter of the impression produced on the sur- 
face of a bed of clay soil and of river sand; this work is 
of considerable historical interest in view of its close re- 
lationship to standard nardness tests, such as those of 
Brinell and Shore, in use today. The suggestion was again 
made by N. v. Wuich** in 1893, end yet again in 193b by 
Ktidinger***, who carried out penetration calculations for 
a conical-nosed bomb and applied them to the present prob- 
lem of designing protection against aerial bombardment. And 
be-fore these references were available, it occurred to the 
writer that such en effect was to be expected, and that it 
might piny en important role in the theory of armor pene- 
tration. Although it was not felt, at the. time, that such 
f.n effect would be of great significance for the present 
problem, a theory of it was developed along the following 
lines in the hope that on comparing its predictions with 
deta on crnor penetration, some- understanding of the mech- 
tr.ism of penetration, in general, right be gained; the re- 
sults of tnis and lrter comparisons are discussed in detail 
in Sec b below. 

Let it, therefore, be assumed that the resistance encoun- 
tered by the projectile is proportional to the area presen- 
ted to the medium, projected onto a plant perpendicular to 
the direction of motion; in tne cuce considered in this 
I art,this area is clearly tne area of that {art of the sur- 

•1835.1, Ch. III. florin, in turn, quotes en older source of 
this hypothesis -- the r.Xf-me.n maritime of the Spaniard don 
Gtorgcs Juan, published origihully Tn 1771 and in French 
translation in 1783. 

••1893.1. 

'"IvZo.Z,   IP 3. 
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PKNKTRATION 
3. Depth Effects 

face disrupted up to the time under consideretior, and has 
most appropriately been called the amplitude of inpres- 
sior*. It nay be noted that the resistance Would,indeed, 
be proportional to this crea if the medium exerted a con- 
stant normal pressure on that part of the projectile in 
contact with it. During the first pnase of the motion, be- 
fore the boirrelet pc-.netrates the surface, the amplitude of 
impression A(x) when the nose is et depth x increases 
up to the maximum value A, eq (2.1), and maintains this 
value throughout the remainder of tho motion — or until 
the nose emerges from the rear face of the target, es con- 
sidered in Sec b below. See Fig o. If d(x) denotes the 
diameter of the cross-section of the projectile at dis- 
tance x from the nose, the amplitude of impression is 

(3.1) A(x) Tf[d(x)/2] 2      for   0   ^   x    ^   h 

A    =Tr[d/2] 2 for   h   ^   x    , 

where h is the height of the ogive. The- assumption upon 
v.hich this section is base:d is then that the resistance to 
the motion is 

(3.2) K(X,   v)     =       A(x)     f(v)   ; 

the auxiliary functions are given by    eq    (1.3)    raid 

(3.3) <PU)     -    A(x)   ,<£(x)     r       /A(X)  dx    -      V(x)   , 

where V(x) is the- volume swept out by the projectile in 
penetrating the? target to depth x , and is called by Turin 
the volume of impression.  The depth x at which the ve- 

•Attributed by ?'orin 1635.1, p. 709, to Georges Juan. 
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locity is reduced from the striking velocity v0  to  v 
and the maximum depth x\    are then given by 

(3.4)  V(x) z    1 [F(V0) - F(v)j  ,  V(xi) * W F(v0) 

i 

E 

cf. eqs (1«4), (1.5)  .  The graphical representation 
of this result becomes almost as simple as in the case of 
sectional pressure theories if v be plotted against  V, 
instead of against x , for then the curves for different 
striking velocities are the same,except for position along 
the V-axis. 

The equation of motion for this case can be 
into the form 

converted 

(3.Ü«) dE -f(v)  dV(x)  ,  where    E    ■ JL   v tv •% 

i \x> 

* 

this mty be interpreted to mean that the energy ne:ccssary 
to displace unit volume of target material by a projectile 
of velocity v is given by the pressure f(v) . It may, 
for some purposes, be of value to compare, the energy actu- 
ally absorbed by the target with thut required to push the 
projectile slowly througii it to a depth x^ . The Tormer 
is of course merely the striking energy E0 and the letter 
is f V(x ), where fQ is the limit approached by f(v) as 
v becomes negligible; note that f0 is not the pressure 
et zero velocity, for that is 2<.ro -- or, strictly speaking, 
is equal to the sectional pressure- y/h(*i) , o quantity 
considered as negligible in comptrison with the resistance 
throughout the motion. The ratio 

/ 

i 
(3.5)   n = f0 V(xj) / E = - f /.,     cf. (3.7) below o Y"     •  / 

may be taken as a measure of the efficiency of the pene- 
vrttion process; it is equul to unity in cese the  cccf- 

, ^ 
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f'icient f(v) is independent of velocity, end less than 
unity if f(v) is an increasing function of   velocity. 

If the tbove comparison with the pressure f0 required to 
push the bullet into the target is well-founded, then it 
should be possible to determine the value of f0 for smell 
velocities by or.e or another of the stt-ndard hardness 
tests, provided they sre applicable to the type of sut cried 
in question. Thus in the eise of crmor plate, this hypoth- 
esis would letd to the expectation that f0 would be re- 
lcted to the Brincll hardness coefficient H of the plcte; 
this relationship should be, at least to the first approxi- 
mation 

(3.b)    f0  =  100 H kg/cm2  »  1422 K lb/in2 , 

for the Brinell hardness coefficient is a me;sure of the 
pressure required, in kg/mm2 , to produce pn impression of 
a.steel ball on t metal surface. The possibility of em- 
ploying a similar method for determining the shatter 
strength of friible materials is discussed in Sec 8 below. 

Returning to the penetration problem, the velocity depend- 
ence of resistance must next be discussed; it mry, in par- 
ticular, follow iny of the laws discussed in 3cc 2. Thus 
if it be assumed independent of velocity, a simple modifi- 
crtion of the Euler theory is obtrincd which lc:ds to thv. 
penetration formulae 

(3.7)     V(x)  -  1 (Eo - E) {  V(xi)  =  EO/UL- 

r* r 

This procedure has, in ft ct, been followed by Keidinger in 
computing the penetration depths for n conical-nosed borb»; 
as an iliustretion of the. course of the resistrnce offered 
on this hypothesis,     the cemputttiens for    such    a conical- 

>193b.2,     pp.  4b£>-4t>l;     1937.3,   pp.  209-274. 

24 



PART I 

PEN3aT3ATIQft 
3. Depth Effects 

nosed projectile are given in some detail in Note 6. 

The hypothesis which night be favored at the present time 
is that the resistance follows some law of the Poncelet 
type; this proposal was advanced as early as 1836 by A. iio- 
rin*, who announced that "the resistance is 

a.,.Proportional to the area of a great 
circle of the projectile, or to the 
amplitude of the impression, and 

b..,A second factor consisting of two 
terms, one a constant depending only 
on the cohesion of the medium, and 
the other, due to the mobility of 
its molecules, proportional to the 
square of the velocity and to the 
density of the medium." 

Under this hypothesis, the velocity at depth x  and the 
maximum penetration x, are given by 

(3.8) v(x).sJLln 
a ■+ b vf 

a + b v 
W t-.Tdil^mlnJV) 

and the time at which the nose is at depth x by the inte- 
gral 

(3.9) dx 

-./_-2gbV(x)/W   2 
V € (v0 -I- a/b)-a/b 

The course of the resistance and velocity curves for a con- 
ical-nosed bullet are illustrated in Note 6. 

*In a brief statement attributed to him in the report 1336.1 
on a prize essay submitted by Dldion, Lorin, and Piobert. 
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The efficiency n , eq (3.5) , of the Poncelet process is 

a   i_ /i . b _ 2 \ 
(3.5*) bv0 

In (1+ °T*) . 
a ° 

3b...Crater Effect. Yieser: 

A quasi-static theory of penetration into solid or semi- 
solid bodies has been developed and ardently promoted by 
the Austrian engineer W. Vieser in an extensive series of 
articles appearing during the past five years*. This theo- 
ry is based upon Boussenesq's solution of the statical prob- 
lem of determining the stress at any point in an isotropic, 
semi-infinite solid body obeying Hooke's law, due to a con- 
centrated load W„ at a point on its surface. According 
to this solution,"the stress at a point at depth x direct- 
ly beneath the point of application of the load is 

(3.9) 
3 W« 

2<T x* 

Vieser now supposes that the__bomb will 
depth XT at which this CT v s C, 

penetrate to that 
the compressive 

strength of the meterial, where Ws is the equivalent stat- 
ic load corresponding to a bonb of weight W and 
velocity vQ .  In order to evaluate this latter, 
sets it equal to the average frrce EQ/X-^ 
a bomb of striking energy E, *Y7 v0 /2g 

striking 
Vieser 

required to stop 
in   a   distance 

x^ ; on substituting this value into eq (3.9), with <T * 
C'xi i and solving for x±   Vieser finds, as the maximum 

*The principal articles are 1935.3, 1936.5. 
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depth to which such a bomb will penetrate 

(3.10)      x,  2 I  3 E° 1    ess. ■I -f* 2lTcr J 
Eo_ % 

Similar results ere obtained for loose mfterir.l, such es 
sand or rubble, end expressed in terns of the general for- 
mula 

.. .% 
(3.11)      xx 

\u><r\ 

where O"" is the compressive strength, and eo is r di- 
rccnsionless parameter whose vfjue vrries fron 2/3 for 
loose, cohesionless medir to 2 for clastic solids obeying 
Hooke's lew. 

Vicse-r's theory has been severely, but justly, criticized 
by Heidingcr*, on the ground that the assunptions of class- 
icc.l elasticity theory ere emphoticrlly not fulfilled in 
the case here of interest, and although Vies er hr.s retorted 
most c.crir.oniously to this criticism, there era be little 
doubt thet his derivation is totally without theoretical 
justification, end, so far r.s can be seen fron the evidence 
at hrnd, the resulting penetration formula is in flngrcnt 
discord with the frets. 

Nevertheless, it is possible- to arrive at an interpretation 
of Yiestr's pene-tn tion formulc. (3.11) rlong the dynami- 
cal lines followed in this report. presumably on Vicscr's 
theory all material under c stress grt-ater than the com- 
prcssive strength G~ would be crushed by the impact end 
subsequently blown out; hence the volume of naterial thus 
affected would be that contained within r. surf: ce rt points 
of which the resultr.nt stress is just equrl toc7'(Fig 7 a). 
But in Boussenesq's solution, the stress patterns for dif- 
ferent loads W are similar, and henco the- volume V(x^) 

♦1930.1;  1930.2, pp. 454-455. 
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of muteric.1 removed in retching the final depth x^ is pro- 
portional to X]3 . But on the modificrtion of the Suier 
theory considered in the first part of the present section, 
the depth of penetration implied by (3.7) e.grees, in its 
dependence on E0 , with Vies<;r's result. More specifi- 
cally, if it were- found thrt penetration resulted in the 
creation of c. conical crater of constrnt semi-angle p , 
end tht.t the detritus from various ptrts of the crater 
showed evidence of the srme degree of crushing, this appli- 
cation of the Euler formula would yield 

(3.12) *1 
3E, 

Tf M- tan 

Ec 
_ii 

•tan^i 

i i< 

this is  seen to be   equivalent    to Viescr's formula    on  set- 
ting CO C   B p. ten2 [b . 

**»*.***** 

I 
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.Oblique Incidence.  Devir.tions; 

If the projectile or bomb strikes the surface at en angle 
of impoct 0 other than Oc , as in Fig 8, its subsequent 
notion depends upon a great many factors; above all, on the 
shape of the nose, rotation about its axis, and upon the 
nature of the surfp.ee struck. In the first piece if, for a 
given projectile, the angle © exceeds sone critical val- 
ue © r , the shell will ricochet rather than penetrate; 
according to the observations of üobile de Giorgi*, 0r va- 
ries fron 80° for loose earth to 40° - o0° for masonry 
or amor plate. This ricochet angle is influenced greet- 
ly by the shape of the nose, as well cs by the m-.ture of 
the surface, and by rotation and yaw of the projectile; a 
qualitative recount of such influence is to be found in the 
work of de Giorgi rnd in Crcnz**. 

Assuming that- conditions arc such that penetration, rather 
than ricocheting, ensues, there ere two principal proce- 
dures recommended for calculating the depth of penctrction. 
The first, followed by de Giorgi in computing penetration 
at oblique incidence or for paths which deviQte from rocti- 
lincarity, is simply to apply the normel rc-ctiline-rr theo- 
ry to uu-.fsurrment of distance- [long the actual path. As- 
suming no change of direction at impp.ct, this world mean 
thtt depth of penetration x-| would be computed from which- 
ever formula is fdopted by rcpltcing xj by the length 

(4-1)        lX 
^1 

cos Q 

of the bore car sod by the- projectile, as illustrated in 
Fig 9; devittioi:s from rcctilinearity would It t d to ( more 
complicated relationship, which would, however, rcdily be 
obtp.ined for etch prrticulrr instf.r.ce. The second method, 
used extensively in theories  of armor perfori tion,   is to n- 

»1911.1,  pp.   1013-101Ü;     reported also    in Kontigny    1930.3, 
pp.  397-399. 

••1925.1. 1P   78. 
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place the striking velocity v0 by its component 

(4.2) VQ cos © 

normr.l to the- surfr.ee. Bit recording to de Giorgi, neither 
of these methods ccn be relied upon, end he therefore rec- 
ommends the empirical procedure of setting 

(4.3) XI = JLj. ( cos0)v 

and considering 9 rs p new parameter which is also to bo 
evrlucted from the data. 

Deforr.rtion of the shell will also be expected to reduce 
penetrrtion. The proposal of Lcvi-Civit-j, to multiply the 
maximum cross-sectional area by n factor depending linearly 
on the striking velocity tnd on the physical constitution 
of both the shell and the target, has been mentioned in 
Sec 2 above. Although there is no ret son to believe that 
the effective erea (2.14) can even be- fairly v/ell approx- 
imated by such i linear function of v0 , nevertheless,some 
such semi-empirical procedure might yield satisfactory re- 
sults. 
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Introductory 

The account of penetration in xart I above assumes that it 

prooeeds gradually by changing the stete of the target in 

the immediate neighborhood of the projectile, as well as 

that the target material ie homogeneous and of sufficient 

thickness to stop the projectile. 3ut it is a v:ell-known 

fact that many substances, including concrete, nay be per- 

forated or otherwise damaged by an impulsive action which 

results in the formation of cracks or even in the detach- 

ment of large chunks of material. It is clear that in such 

cases, the energy required for the process must be trans- 

mitted through the material to points at some distance from 

the region directly attacked. An account of penetration 

would be incomplete- if it did not include some reference to 

the phenomenon of scabbing or spalling, since this has, in 

many cases, been made an integrrl pert of penetration stud- 

ies. It may be discussed here, v/ith the proviso thrt it 

may be found necessery to modify or revise the conclusions 

now reached, on taking into account the elastie properties 

of the target as a whole. 
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5.. .Scabbing 

Spelling occurs when relatively largo masses of material 
are broken off from the target. In ordinary engineering, 
there has been little or no occasion to designate an effect 
of this sort in terms of the face on which it occurs. In 
dealing with problems of bombing, hov.'cv< r, it is necessary 
to distinguish between the separation of mettrial from the 
surface facing the bomb and thf seperction of met trial from 
the surface eway from the bomb. Accordingly, whatever the 
etymological justification may be, in this report we shall 
follow the British terminology which us<:S; 

a...Spalling -- to mean soperation from 
the surface feeing the bomb, 

b...Scabbing -- to mean separation from 
the surfece away from the point of 
impect of the bomb. 

The theory and possible effects of these phencmenc will be 
discussed here with emphesis on the, cese in which scabbing 
occurs. Spelling enn then be treated by th«: seme method, or 
in combination with those employed in Part I -- as, for ex- 
ample, in appliceticn to crctcr forruticn touched upon at 
the conclusion of Sec 3b. The reason for thus emphasizing 
scabbing is that it may play an important role in determin- 
ing the f'bility of a projectile to perforate a protective 
member. 

Scrbbing may occur elmost as soon PS the bonb hits the tar- 
get slob, as in the position (a) in the accompanying Fig 10 
or tftcr the bomb has penttrated some distance, as in (b); 
further, the plug cr scab mi y even be ejected from a region 
which extends back to the nose of the bomb, as in (a) and 
(b), or it may be confined to c. region ft some disttnee from 
that dire-ctly in contict with-the bomb, is in (c). In any 
case, there is f- tendency for the plug to separate from the 
main body of the target along lines of diagonal ttr.sirn end 
hence, in tne m'teriils under discussion, to be in tht form 
of i right circular cone of ap<x angle 90°. And cgain, in 
any ccse, the- energy rtquirtd to ovtrcome the cohesive 
forces nust be gtined it the expense of the kinetic energy 
of tlu bomb. 
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Tho forces effective in opposing scabbing are those oper- 
ating along the sides of the cone, and it may be presumed 
that the total force is strictly proportionul to the area 
of this latter. If the height of the plug be denoted by 
s the lateral area is proportional to s^ , and the total 
force S involved at any stage in tho process iaay be taken 
as 

2 (5.1) S  «  T B*    , 

whore T is a measure of the relevant stress. If the rup- 
ture takes place during the tine in which the bomb moves 
through a distance Ax , and in this interval the velocity 
of the bomb is reduced fron v to vr , then the energy 
lost by the bomb should for sufficiently small Ä * be 
equal to that required to separate tho plug, i.e. 

JL r -2 - „ 2 ) >      L-J ^   = ,, „2 i Jo 
(5.2)  ~~ ( v* - V ) a     /Ts6 dx = U s* 

2 g 

whore U is the energy per unit area involved in the trans- 
action. In particular, the maximum thickness s, which a 
bomb of weight W and velocity v will bo able to break 
through is given by 

W J2  -     2 / 
(5.3)  i~Jv   -  U sx , whore U =    / T dx . 

Jo 

The treatment so for follows closely that of Mobile de Gior- 
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gi*, and sotTns to offer r. justifiable basis on v;hich to 
develop t method of calculating tho greatest scrbbing depth, 
in ccsc the rerction on the bomb can, indeed, be considered 
es impulsive end not ts due to the grrdual accumulr.tion of 
energy in the slab as might, for exsmple, be the ccse in 
which r plug of type (c) wen- ejected in consequence of 
bending of the slr.b. But it is nov, clccr just how to pro- 
ceed in evaluating the integral U of the stress. In de 
Giorgi's original treatment, it is assumed that the dis- 
tance ^x travelled by the bomb during the process is 
proportional to the thickness s of the remaining part 
of the slab, end that the near value of T is independent 
thereof; it then follows from eq (5.3) that the limiting 
thickness s^ is defined by 

(5.4) Si3  =  KgTfv2 , 

where the coefficient Kg depends only on the target mate- 
rial. The velues of Kp given by de Giorgi are,reduced to 
the unit    ft-sec^/lb , 

for "very good brickwork"    Kg s 7.4 x 10"7 , 

for "well-cured concrete"    Kff ■ 3.0 x 10"7 ; 
© 

cletrly here, es in part I, such qualitative definitions as 
"vfry good"    must be supplemented    by    quantitative      data. 

Keidingcr»» criticizes dc Giorgi's treatment on the ground 
that: 

a...The manner in which the  stress at- 
tains its ultimate value,  and con- 

»1911.1,  pp.   10O7-1O08. 

•«1937.3,  pp.     Uoo-2t)9. 
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RUPTURE 
5.  Scabbing 

sequently the constant K, will 
depend on tht fom of the nose of 
the bomb,  and 

b...Although the derivation is based 
upon a dynamical foundation, the 
evaluation of the impulsive re- 
sistance is made along statical 
lines« 

In his opinion, eq (5.4) will lcrd to too small vtlucs of 
si for low velocities, tnd to too large values for high 
velocities, iicidingtr proposes to tcke the influence of 
the- time factor into account by returning to the original 
equetion of motion and . integrating- with respect to 
t rather than x ; eqs (5.2), (5.3), ere- then to be re- 
pleced by 

(5,-5)     £(r-Tr)    s /Tdt.s2 ,     £▼ .       /Tdt.s!2. 

heidinger now proposes to adopt v/hrt he calls the "simplest 
assumption," that the time, interval £±t in which the im- 
pulsive r.ction tikes plrce be proportional to s ; in con- 
sequence of this assumption, he obtained in place of (5.4) 
a formula of the type 

(5.ti) S!5      -      Kh^'v 

for the maximum thickness which can be broken through by a 
bomb of weight VI t nd velocity v . The coefficient Kh is 
to depend on the shape of the bomb f.s well ES on the target 
niFtcrial; for a cylindriocl-bodied bomb with nose fuze 
dropped rgcinst "high-quality" concreto, Heidinger gives a 
value which becomes,  in the standard units, 

Kh      s      1.7 x 10"4    ft2-scc/lb  . 

Other 'ilu's n commended by Heidinger arc to be found at the 
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PART II 

RUPTURE 
5. Scabbing 

end of Note 5. 

•i-hc derivrtions of both de Giorgi and neidinger seen most 
unconvincing, end therefore on alternative hypothesis is 
proposed for the evaluation of maximum scabbing thickness. 
It may be assumed thtt tht energy per unit tret. U.eq (5.3) 
required to overcome the cohesive forces is independent of 
the velocity of the process; this assumption represents the 
Txtension tc7"tF*"or"fcV.kan"g~"point of s. situation which does 
hold within the yield point end for low rctes of strain.* 
Under this assumption, the maximum thickness s^ is given by 

(5.7) nZ      =  KrvV2 ' 

i.e. it is proportional to tht square root of the striking 
enrrpy. 

In order to represent the scabbing curve graphically, it is 
convenient to let 0 0' be the path of the bomb, vhe.-rc 0' 
is the point of emergence; on the rrar ft'cc of the trrgct, 
end to measure distences s fron tKe back of the target; 
Egrin let the velocity v of th' bomb be measured flong an 
cxis perpendicular to 0 0', rs illustrated in Fig 11. A 
point K on this diagram will then represent the state of 
a bomb whose, velocity is v rnd whose nose is at distance 
s from the rei;r face. The rt-lttion between s and v 
given by one of the scabbing formulae is then represented 

• This is known, howi-ver, to b<; only approximately correct 
for metals, even within the velocity ran^t here under con- 
sideri'tio-, ird nay be only ipproxirute for other mitirials. 
Thus, rs reported by Kan joint- ir.d Kadai (at the nee-ting of 
the Amcricrn Society for Testing Materials in Atlantic City 
on June Ü4-2Ü, 1S40), the true tensile- strength of pure 
copper ft room temperature risc-s scr.o 22.% over a range in 
vMch the rate of strnin is increased by t. fnctor of 10°, 
&nd this must, in turn, hrve some effect on the energy re- 
quired for rupture. 
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RUPTURE 
6« Scobbing 

,v 

«v 
( 

' 

graphically by the locus of points N whose velocity and 
distance, st are such th8t, under the most unfavoreble con- 
ditions to the structure, scabbing will just ensue. Hence 
points in the region S lying above this curve represent 
states in which scabbing can occur, the bor.b then emerging 
from the rear face with a residual velocity. Points in the 
region P below the curve represent stetes in which the 
bomb lacks enough energy to cause scabbing; whether in such 
a case scabbing car. occur at a later stage of penetration 
will depend upon the relative positions of the penetration 
and scabbing curves, as will be discussed in Sec 7 below. 

In order to compute maximum thickness of scabbing for im- 
pact bt angle ©, de Giorgi simply replaces v by its 
normal component v cos © -- i.e. he assumes that the com- 
ponent of v parallel to the fac* of the target has no ef- 
fect on the pher.omt.non. 

3? 



rAni HJ. 

PERFORATION 
Introductory 

In Part I, a study was made of the notion of a projectile 

in a resisting medium, principally solid or scni-solid, in 

which the resistance was due to the ultimate strength and 

inertia of those parts of the medium in proximity to the 

projectile; this penetration process is a gradual one, gov- 

erned by e differential equation. Fart II dealt, on the 

other hand, with cases in which the resistance was due to 

the transmission of disruptive- forces to more distant re- 

gions and, under the assumptions there adopted, could be 

considered as on impulsive process resulting in the break- 

ing off of c. large mass of mute-rial within a relatively 

snort time. TTow the perforation of a given slab of materi- 

al by a bomb may take piece in accordence with either or 

both of these mechanisms; the study of the manner in which 

this may take place is the object of this Part. 
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PART III 

PERFORATION 
6. Armor Perforation 

6...Perforetion Without Rupture»  Armor Perforation. 

Perforetion may be accomplished by pure'penetration,without 
scabbing; whether break-through occurs in this manner or 
not depends primarily on the nature of the target material. 
Such seems to be the cese in many experiments and observa- 
tions on the perforation of light armor plate, and the de- 
velopment in the present section will therefore be made vdth 
this possiblt application in mind. Suppose, then, that 
the plate is of thiclaiess c and that the resistance lrw 
is that considered in Sec 3a, i.e. thtt the. energy lost by 
the projectile in moving a distance dx is proportiont1 to 
the .volume dV(x) displaced, vdth o coefficient f(v) v.-hich 
may depend on the velocity v. For penetration depths 
x ^ e, the resistance R is again given by eq (3.2) a- 
bove, and the velocity at this depth by the first of the 
eqs (3.4). cut for x > e, where the projectile has al- 
ready begun to emerge from the rear face of the plate, as 
in positions (b) and (c) in Fig 12, the amplitude of 
impression A(x) employed in Sec 3a must be replaced by 
the projection of the part of the ogive actually confronted 
by plate material, and V(x) by the volume of plate mate- 
rial actually displaced. This may rerdily be accomplished 
by replacing A(x), V(x) in thes« formulae by th,e ampli- 
tude and volume of the impression 

(o.l)   A(x, e)  S  A(x) - A(x - e) , 

V(x, e)  «  V(x) - V(x - e) ; 

whence 

(b.2)    R(x, v) s  A(x, e) f(v) , 

V(x, c) z     W [>(▼') - F(v)] . 

Th»se formulae (6.2) may now be considered ts holding for 
all penetration depths x , provided A(x-e), V(x-e) be de- 
fined is ic-ro for negative arguments    x -  c.    As ta    illus- 
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PAST III 

PHSFORATION 
6. Armor Perforation 

trative example, the case of a conical-nosed projectile is 
considered in some detail in Note 6. 

The limiting thickness of plate which can just be complete- 
ly perforated by a projectile of striking velocity vQ can 
be obtained from the second of eqs (G.2) by setting V(x, e) 
equal to the volume IT (d/2)2 e of the cylindrical hole 
punched in the plate and solving for e on setting v " 0, 
whence 

(6.3)       e = ^J—f F(v0) ,  where m 5 W/g 

is the mass of the projectile. Conversely, the "limit ve- 
locity" v0 for a plate of thickness e is obtained b y 
solving (6.3) for v0 ; it is seen that for a given tar- 
get material the limit velocity is, under the hypotheses 
here adopted, a function of d2 e / m , and since for sim- 
ilar projectiles of the same mean density the mass varies 
as d3, it follows that for them the limit velocity is a 
function of the ratio e/d. 

For a more precise prediction of limit velocity,the depend- 
ence of resistance on velocity and on the physical proper- 
ties of the plate must be specified; the two possibilities 
considered here are those associated with the names of Eu- 
ler and of Poncelet in Sec 2 above. The former leads to a 
perforation fomula which may be expressed in either of the 
two equivalent forms 

(6.4)   fo z y-e, or   v0 

the first of these is, for |U- = 10,000 kg/cm2 [corres- 
ponding undor the hypothesis expressed by eq (3.6) to a 
Brincll hardness coefficient II ■ 100,J tho exact expres- 
sion of a rough rule formerly employed by the Kruvp Wo rks 
for wrought iron amor — that "a projectile will penetrate 
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PERFORATION 
. . 6. Armor Perforation 

as many decimeters as is given by its sectional energy meas- 
ured in meter-tonnes per square centimeter."* 

It is well estcblished, however, that the limit velocity 
for ermor plate increases with e at a rate faster than 
thct predicted by eq (6.4), as witnessed by the classical 
formulae of de Brettes, de Harre, Weaver and others**, and 
above all by the more modern work of L. Thompson to be dis- 
cussed below. Now such an effect is to be expected when- 
ever f(v) increases with velocity, for then F(v) vail 
show .a slower increase with velocity than in the Euler case. 
This expectation is borne out on adopting the poncelet hy- 
pothesis 

(b.5)  f(v)  *  a+Yp'v2, F(v)  .  _i_ ln(H-o.v2), 

*' re's 
where Y is t gain some dinensionless parameter analogous 
to the drag coefficient for air, (=>' is the (mass) density 
of the tbrget material, end d. ■ Yr,'/2a' The second of 
eqs (6.2) assumes, on multiplying it by v/o', the simple 
form 

E 

S  l> 

(6.6)   m InJ ±   g; v°2   =   Ym'(x) , 
l" -f oCv2 ° 

where m'(x) = p V(x,c) is the mass of target material 
displaced at projectile penetration x . Hence on complete 
perforation 

to.7)   n In ( 1 -^ocv0
2)  = yro' , 

\   On'/n-l)/oL)h    , or  v0 

»Quoted fron N. v. Wuich 1893.1,  cr.i pert. 

♦ ♦Sec de Giorgi 1912.1, pp.  20-21; Cnjiz 1925.1, pp.4o4-4o5. 
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PERFORATION 
6. Amor Penetration 

where m1 ■ IT (d/2) e f> is the total nass displaced. On 
replacing «C by its veJue, given under (6.5) above, the 
limiting    velocity   nay be written in the significant    form 

(6.8) vo • (II a 
2 

-)*- 
de*- 

l 
m ä 

where 

m 

(6.9) f(8)    5      -\/(tE - 1)A    =    l+htlz2 

for small values of z  . 

The perforation formula (t>.8) docs show an increase v.lth 
e of the kind expected on the qualitotive argument ad- 
vanced above, for m' increases directly with t . 7.n 
order to examine this dependence more closely, let "\ d be 
the "reduced length" of the projectile^ i.e. the length of 
a cylinder of the some ctliber d , density P tjid tott'.l 
mass m as the actual projectile. Thyn 

(6.10)    Y -  = Y<*(^A)
2 ep'   s  X - 

6 ■«   i*f?<d/2)Ü 3 dp      d 

where    /£. 5   YP/^P  »  *lcnce for similar    projectiles      the 
function      f      app^arinf in    eq (6.6)   "should depend      only 
on the- ratio    e/d   .    Such F. theoretical  formula has,in fact, 
been obtained by L.  Thompson and K.  E.  Scott* by dimension- 
al  r^soning,   end    has been applied by Thompson    to data ob- 

»1927.1; see also Thompson 1^30.1, 1932.2 Had these au- 
thors assumed tht.t the thickness e of the plate- could en- 
ter only through the- mass m' of tc.rgct reterial ejected, 
they v:ould have been led, as in the &bove, to a dtptndcnce 
on m'/m instead of on    e/d. 
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tained at the U. S. Naval Proving Ground at Dahlpren, Va.; 
for the case of normal incidence, Thompson's formula may be 
■written 

(*>.U) v0      s      k JL*JL      F(-)     • 
m '« d 

Comparison with    eq (ti.B)    suggests that 

(b.12)   k   .   (0>.)':.   FCJ)   - "fCTtl)   =   1+ *£ + .,.. 
li a d ■ 4    a 

provided Thompson's function F be normalized to have the 
value    1    for    e • 0. 

I'o test this hypothesis, the predicted values of CfTa/2);~, 
or    a    itself,  and the initial  slope   2*/4 of the F(e/d) 
curve should be compered with those found empirically. It 
is rather difficult, for obvious'reasons, t<9 find modern 
data in the literature with the aid of which these compari- 
sons may be cprried out; vith the exception of a comparison 
with such of Thompson1s semi-quantitative data as have been 
published, it is necessary to restrict this report to a com- 
ptrison with older results. 

The problem of determining a satisfactory empirical formula 
for the perforation of amor plate of wrought iron was at- 
tecked repeatedly between 1670 and 1884 by Hurtin do 
Brettes,  who finally evolved the formula* 

(b.13) T"1    ■    0.073 e    +    0.027 eZ/d 

»1884.1. 
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for the sectional energy, in meter-tonnes per cmt , nec- 
essary to penetrate a wrought iron plate of thickness e(cm) 
by a projectile of caliber d(cm). This leads to a limit- 
ing velocity 

(6.14) v0 ■^ 
73TT 
T 

d e 2 

mnf 

.,/• 
73<T 

i 
d e ■'. 

(1 1- 0.370 e/d)* 

J™®    d e ?f    (1+0.185 e/d +-....)  , 
'2 ms 

and to a value a = 7,300 kg/cm2 = 104,000 lb/in*2. A sim- 
ilar formula attributed to Krupp* leads to a * 7,000 kg/cm*1 

and to a coefficient of e/d of 0.158 in piece of de 
Brettes' 0.185. In order to compare these results with the 
theoretical prediction (6.12), one must know the -equiva- 
lent length ^ d of the projectiles used, and must make 
some estimate of the coefficient y ; it would seem sefe to 
assume thet the projectiles and the tarret are of about the 
same density. An examinr.ticn of some of the ciatr. on pro- 
jectiles quoted by de Brettes indicates an equivalent length 
of around 1.9 calibers, end it car. be assumed thet y 
should not differ too prc&tly from unity. Under these as- 
sumptions, the theoretical coefficient of e/d in f turns 
out to be 0.132 y , as compared with de Brettes' 0.185 
and Krupp's 0.15d. Further, the value of a is found to 
compare favorably with that vhich y/ould be predicted on the 
hypothesis concerning its connection with herdness advanced 
in Sec 3a above, for according to (3.o) , thr .coefficient 
a , in kg/cm2 , which here represents the resistance per 
unit area encountered at negligible velocities, should be 
just 100 times the Brinoll hardness coefficient H • Al- 
though the writer cannot know the Brinell coefficient of 
the armor investigated by de Brettes, o:i using the value 
H • 85    found in the literature for "pure iron,"** the vol- 

•Sce de Giorgi,   1912.1, p.21. 

»♦Given by P.  G. C.  fcatson  in the October 1918 issue of rroc. 
Inst. :!cch.  Fr.pinecrs,  p.  593. 

44 



PART III 

PERFORATION 
b. Araor Perforation 

ue d,500 kg/cm is obtained,for comparison with de Brettes' 
7,300 end Krupp's 7,öü0; this point vail bear a closer ex- 
amination than hes been possible to give it at this time. 
It is to be noted that, as should be expected,the values of 
a on the Poncelet hypothesis ere lower tae.n the corres- 
ponding values of M-on the Euler hypotnesis; this is also 
illustrated in the example worked out in iiote b at the end 
of the report. Only a rough check can be attempted v.ith 
Thompson's more recent observations on perforation of amor 
plate. The accompanying Fig 13 represents all the data giv- 
en for normal incidence in Thompson's 1930 article, and al- 
though neither the abscissa nor ordinate scale is given 
there, it may be retsonable to assume that the lines fram- 
ing the bottom left corner of the figure are the F- and 
e-exes. Now from c passing nmark in Thompson's 1932 arti- 
cle, the writer feels justified in assuming that the r.b- 
scissr e/d ■ 0.45 is in some such position t.s that indi- 
cated in tht figure, and therefore the triangle on this 
line is chosen somewhxt arbitrarily us a fixed point 
through which to pass the thc-orcticpl curve. Examination 
of an illustration of an A^ ?• projectile, in Hayes' Elements 
of Ordnance» indicates th£-t it his t reduced length of tbout 
3 calibers, end since the mean density of such a shell 
should not differ greatly from that of armor,again p - p . 
Under these conditio: s, the thcorf tied curve for «y a 1 
is that represented by the lincor function 

(6.15) F(£)      ,    H---7 
a lc    d 

to within 1% over tht: ringe of e/d in question; this the- 
oretical line is thut shown on th« diagram. The agreement is 
as close as could bo hoped for v/ithin a  straight-lino graph; 

•1938.1,  p.  314. 
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it may be found possible to account for the deviations ob- 
served in thin plt.tes in terms of bending, but in i.ny ci\se, 
the expcrim< ntc.1 points seem to show r. lack of rcproducibi- 
lity in this region which could hr.rdly be accounted for by 
thr frotors here token into account. 

In concluding this section, it mty be remarked thet the in- 
terprrte.tion of the poncelrt hypothesis edopted in pprt I 
lrt'.ds to ti pTr*t*c*~p'. rforrtioi; formula v.fhich is Tn r.t least 
ft-.ir rgrYilment v.ith the: f.v"nilcbl"?atp..    ~  ' 

ir******** 

i i. 
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PERFORATION 
7. Penetration plus Scabbing 

7..«Penetration plus Scabbing; 

Perforation may be caused either by the penetration extend- 
ing1 all the way through the thickness e of the target, as 
in the case considered in Sec 6 above, or by scabbing oc- 
curring at some- phase in the process, either at the time the 
projectile hits the target or after some penetration. In 
any case, there may be a competition between the two pro- 
cesses of penetration and scabbing for the kinetic energy 
of the projectile; assuming there is enough energy avail- 
able for scabbing, which course is r.ctually followed may 
depend on the nature of the target material, and perhaps 
also on the shape of the nose of the projectile. It is 
tacitly assumed in the literature thct in the case of a ma- 
terial in v.hich scabbing is knoun to occur, such es con- 
crete, the necessary energy will actually go into the pro- 
cess.« Certain it is thct if this assumption is mode, the 
calculeted limiting thickness at v.hich perforation will just 
occur will be the largest which can be obtained for a given . 
striking velocity, and recommendations based upon such cal- 
culations will be on the safe side. It would,therefore stem 
advisable to assume, in the absence of more definite inform- 
ation, thft scabbing will occur if rnd when there is energy 
enough available for it, at least in the cas<; of friable ma- 
terials, and the remainder of this section will be based 
upon this assumption« 

The problem of whether a slab of thickness e can be brok- 
en through by a given projectile with a given striking ve- 
locity v0 can now be solved gn.phically by a combination 
of the methods described in Sees 1 and 5 above. Let 00', 
Fig 14, represent the path of a bomb through the slab, and 
measure velocity perpendicular ther*. to. The scabbing equa- 
tion for the mrtcrial involved cm then be laid off proceed- 
ing backwards from 0' , is in tht figure; let it inter- 
sect the ordint.te OV ft the point S , as shown. If now 
the striking velocity v0 of the projectile is   greater 

•E.g. do Giorgi 1911,1, pp. 11Ü2-11C7; 
pp. 270-274. 

Hcidinger 1937.3, 
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that represent'.d by OS , as it is at the position labelled 
I , scabbing mey occur -- end, in accordance v/ith the con- 
siderations outlined cbove, it is here to be assumed that 
in such a casi; scabbing will occur. On the other hand,if 
vQ is less than the scabbing: velocity represented by OS, 
penetration will ensue. Now if, as indicated in the posi- 
tion II, the pe-netrction curve drawn into the target inter- 
sects the- scabbing curve, scabbing will be assumed to occur 
when the bomb has penetrated to this position; if not, as in 
III, the bomb will eventually com« to rest within the tar- 
get. The limiting position R at which the penetration 
curve just touches the scabbing curve defines the upper lim- 
it to the striking velocity which the given target thickness 
can withstand; tht points below R on OV represent strik- 
ing velocities which will not suffice to perforate the tar- 
get. If this procedure be repeated for various thicknesses 
00' , keeping the position of 0' fixed end varying that of 
0 , the entire x-v diagram can be divided into at most 
three re-gions» the region S in which scabbing may occur, 
a second region P in which only partial penetration can 
ensue, tnd a third region P «♦* S , in which ppnetration may 
be followed by scabbing. This latter region P •*• S may, 
theoretically, be absent, for it mty happen that the pene- 
tration curves are steeper at each point than the scabbing 
curve rt the corresponding vtlue of v . The curve R sep- 
arating the region P of partial penctrttion from S ind 
P ■+- S , in either of vhich perforrtion may occur, nry be 
ct.lled the rupture line; only those, states rcpr<. smtcd by 
points lying below R ore  surely safe. 

In the case of scctionc1 pressure theories, the situation 
described above is prrticulrrly simple, for in them Fig 15 
for any one thickness gives, it the sfiru time, the diagram 
for any lesser thickness, as the penetrition curves for the 
second are rlrcady represented in thr. diagrsm, i.e. in this 
cesc, the direction of the. penetration curve at rny point 
is independent of its position with respect to thr face of 
tht target, as it is i function only of the velocity. Pig 15 
can then be obti incd directly from Tig 14;tnc rupture line 
in the former is gotten from the latter by following the 
limiting penetration curve from R to the point it which 
it is tangent to the sci.bbing curve, and   thence  fol- 

48 



PART III 

PERFORATION 
7. penetration plus Scatbing 

| lowing the  scabbing curve to    0'   •    The accoruproiying Fig; 16 
shows the simpler possibilities v.'hich mf.y occur, depending 
on the- shr.pe of the penetration curve relt-tive to the scab- 
bing curve, follovtinp the more explicit trectment of L. 
Mor.tigny*. ricre p end s pre the penr-.trr.tion r.nd scab- 
bing curves,   respectively. I 

********* 

I 

!  % 

I » 

♦1936.3,   pp.  387-393. 
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CONCLUSIONS 
8. Penetration 

8..«Penetration in Earth end Concrete: 

The foregoing review of the litereture on theories and data 
on the penetration process has served to display the vari- 
ous possibilities which are already available, at the out- 
set, to investigators new in the field. We may here sum up 
tentative conclusions concerning penetration in these sub- 
stances. 

8a...Dependence on height and Size rf Bomb: 

The observations on penetration recorded above and in the 
Notes thereto seem to warrant th<. expectation that, on com- 
pering the penetration of bombs of si-iilar shepe, it v/ill 
bf- found to be directly proportional to the sectional pres- 
sure P of the: bomb. In testing this, it is of gnat ad- 
vrntage to choose as large a rcngc of ciliber as possible; 
thus, the observations upon which de Oiorgi's empirical 
formulae are based extended over a caliber nngo all the 
way from rifle bullets to Ü4 cm mortar shells. Whether the 
form of the bomb can rdequately be taken into account by 
the multiplicative form factor l/i seems more question- 
able; thus in the Foncclet formul; , the nose form !?ay af- 
fect the value of the shatter strength a differently from 
the coefficient b of the im.rtial term. It mry be found 
desircble to test this pointjif the suggestions given below 
concerning the determination of a are followed, it may be 
possible to determine the effect en a by the methods there 
described. 

Aside from the question of the possible effect of form of 
the projectile, the conclusion so far is that for similar 
shapes, the resistance and maximum penetration can be re- 
presented by formulae of the type 

(8.1)     R « A f(v) ,    xx s P F(v0)  , 

where A is the mr ximum cross-sectiom 1 area 'T? (d/2) of 
the projectile, P is its sectional density W/A , and F 
and    f    rre related with  etch other by    cq (1.3). 
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8b...Dependence on Striking J/elocity: 

The investigator is next confronted with the problem of de- 
termining either the dependence of resistance on velocity, 
and hence of depth of penetration with the fid of cq (1.3), 
or with that of determining this Utter by direct observa- 
tion; it should be found advantageous to carry both of 
these methods cs fcr as possible. On this question of ve- 
locity dependence, the classical results on penetration ere 
in no such unanimity rs on th* dependence on st-ctionrl pres- 
sure. This is v/ell illustrated by Fl I ct the end of the 
report, where the penetration per unit sectional density of 
the bomb is plotted according to the formulae of Robins-Eu- 
ler, Poncelet, Petry and de Giorgi (for masonry)» extrapola- 
ted out to striking velocity of 2,700 ft/sec in the cases 
in which the dependence on velocity is expressed in analyt- 
ical form, i.e. in all except that of de Giorgi, in which 
his own extrapolation from 1,280 to 1,530 ft/sec is in- 
cluded. Here the multiplicative parameter depending on the 
material has, in each case, been chosen so as to be in rea- 
sonable agreement with the others somewhere in the range 
800-900 ft/sec , and the second Poncelet parameter b/a is 
that for limestone. It will be observed that the velocity 
dependence of the empirical de Giorgi formula for masonry 
agrees very well with the Poncelet semi-empirical formula 
for limestone over the range in which the former is given, 
and thet the Robins-huler formula has a much snaller slope 
than the others, which may be interpreted to mean that it 
yields a greater increase in penetration per unit increase 
of striking velocity. Fow the work of dc Giorgi shows that 
it is practicable* to use smell caliber arms in testing the 
dependence of penetration on sectional pressure; this sug- 
gests that the same procedure may be used to advantage here 
in testing its dependence on striking velocity. Thus, a 
series of observations on penetration in concrete of rifle 
or machine-gun bullets, with a velocity range of, say, 500 
to 2,700 ft/sec should facilitate the choice bftween these 
existing types of ourves — or, in case none of them is 
found adequate, to set up an alternative formula. Any in- 
formation available on the depth of penetration of larger 
crlibcr guns should, of course, also be examined with re- 
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speot to this point; if these are found to agree with re- 
spect to velocity dependence vdth those obtainod by small 
caliber v/ork, the latter offers a quick and inexpensive 
means of investigating the finer details. 

It is to be observed that, over u sufficiently limited ve- 
locity range, any function of. v0 of the type here involv- 

1 ed mry, by proper choice of parameters, be made to agree 
with any other, within some given degree of approximation- 
say, es in the work of Zaleski*, with a suitable chosen lin- 
ear function. But such an ad hoc procedure, unaccompanied 
by correlation with physical"properties of the material, is 
not to be recommended, for even though such a formula night 
seem to be adequate for a given mrtcrial within a limited 
velocity range (as in the cast of the linear approximation 
mentioned on p. 18 above to the de Giorgi masonry formula), 
it could not be applied with any degree of confidence to 
higher velocities. 

8c...Dependence on Physical Properties of Target Mtterirlt 

■ 

P*     £*• The point on which there is more disagreement among    the va- 
■     *.- rious penetration formulae,  is in the correlation      of    the 

parnmetcrs with physical properties of the medium in ques- 
tion. Thus, the vrrious formulae given for "concrete," 
plotted in PI II, disagree violently among themselves. As 
a crsc in point, de Giorgi's values agree fairly well vdth 
petry's, if the latter be multiplied by the factor O.u, and 
Milota reports** that the penetrations ecturlly observed in 
the walls of the Verdun forts can bf> accounted for by a for- 
mula obtained by multiplying Petry's by 0.35; This docs 
not ne.cess'-rily moan thrt the observations are faulty, but 
it does indicate thft observations unaccompanied by adequate 
correlation vdth physical properties are of much less" vtdue 
than they might otherwise be. The fact Thrt Bazant attri- 
butes a cSrn.prcssive strength of 2,600 lb/in^ to the con- 
crete involved in de Giorgi' s observrtions,   and thr.t Milota 

»See Viescr 1934,2,  p.   310. 

**1933.1,  p,2o4. 
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considers the compressive strength of the Verdun concrete 
to bö 5,ö00 lb/in2, does not in itself enable one to mike 
due allowance for these factors; ere we, for example, to 
rssume thrt Fe'try' s concrete had a compressive strength of 
1,900 lb/in^? This question of correlation v.ith proper- 
tics is obviously one of the greatest importance, for of 
all the ftctors here unde-r consideration, tho target is 
the only one which is completely under the control of the 
defender. 

Any theory of resistance to penetntion must, necessarily, 
tiice due cognizance of the fret that ct least part of the 
work goes into overcoming the cohesive forces inherent in 
the concrete and will, therefore, be concerned with the 
correlation of this "shatter strength" with the results of 
standird laboratory tests. There seems to be e, perhaps 
natural, tendency on the part of most writers to assume 
that the compressive strength of the concrete is the most 
relevcnt for this purpose, but the only one of the theories 
here under review in which the compressive strength enters 
directly is thtt of Vieser — and reasons have been given 
above for believing thrt this theory is unsound. C-ailer, 
on the other hand, believes that shatter strength is unre- 
lated to compressive strength, that it mry be rclrtc-d to 
some kind of punching strength, and that it should, in any 
case, be some friction of the "crushing strength" -- i.e. 
of the work required to reduce unit volume of concrete to 
dust.* 

On the other hand, two attempts to solve the inverse prob- 
lem heve been found, i.e. thrt of determining compressive 
strength by met surements on penetration, by setting up an 
empirical correlation between the two. In the first of 
these, reported by B. G. Skrr>mtajew*», th» volume of the 
crater formed by shooting a revolver bullet into concrete 
is correlated empirically with the compressive strength of 
the concrete; a detailed account of Skrcmtrjew' s results, 
together with t  derivation of the shatter strength  they 

»1937.2. 

»»1935.2. 
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imply on the basis of the Euler end Poncelet theories is 
given in Note 7 below. The second attempt is that of K« 
Gaede*, in which the standard Rrinell test for metals is 
epplied to concrete, end an empirical correlation set up 
between the Brinell hardness coefficient so obtained and 
the compressive strength; the results are exhibited in 
"Wote b, together with MI analysis of the Brinell procedure. 
Skramtajew criticizes Gaedc's procedure on the ground that 
such e test gives information only concerning the strength 
of the concrete within a few millimeters of the surface, 
and that conditions there may not be representative of the 
mass. Nevertheless, it seems that either of these methods 
might be developed into a reliable means of testing shat- 
ter strength of concrete, as both of then offer a fairly 
direct means of measuring quantities relevant to the prss- 
ent problem, regardless of correlation with cor.pressive 
strength. Perhaps Skramtajew' s method could be employed 
with r. very small caliber bullet, or with reduced charge, 
thus reducing the damage to the structure to negligible 
proportions. It was suggested in »»ecs 3a and b above that 
the Brinell test may prove of value in the problem of ar- 
mor penetration, ana if further comparison with the data 
lend support to this view, some modificition of the Brin- 
ell test might be found profitable in the crse of concrete. 

The problem of the penetration of shell or bomb frrfments 
should, in principle, be susceptible to treatment along 
the lines developed above, but beccuse of the irr<gular 
shapes of the fragments this problem contains statistical 
elements which ncke precise results more difficult of at- 
tainment. It is reasonable to issume, however, that the 
penetration of such a fragment is considerably less than 
that of a regular projectile of equal weight and striking 
velocity. Results of observations on the number, weight 
distribution ard penetration of fragments are- given   in 

•1934.1. 
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AR P Handbook No 5;*  it is to bo noted that the voloci- 
TieVthere given"ri;nge up to 5,000 ft/sec. 

Another question which has not been touched upon so fcr in 
this report is thft of the effect of re.inforci.rg on pene- 
tration or pcrforrition o f concrete. It stems quite hope- 
less to attempt t thcoreticol solution of this problem, t.nd 
therefore only c brief report is offered of whet the writer 
has been t blc to gather from the- litercture. The genen.l 
consensus of opinion seems to be that reinforce-ment cunnot 
be counted upon to reduce penctrction into concrete;** the 
opinion is frequently expressed thrt the process te.kcs 
plf-ce too suddenly to rllow the bond between the concrete 
i.nd the reinforcing to tcke effect. On the other hc.nd, it 
seems generally tgrced thut proper reinforcing will be of 
considerable importance in preventing sctbbing, or in reduc- 
ing the dengers attendant upon the scabbing or loosening by 
subsequent explosion of lf.rgo fragments of concrete.*** 

8d...3unmrryj 

At the present time, the writer is inclined definitely to 
ff.vor & working hypothesis of the FoncGlet type, taking the 
resistr.nce to be the product of the maximum cross-sections1 
rrec. of the bomb end r. fi.etor of the form c. -f bv^ , tho 
first tnrm of which is c mrr.sure of tho stress required to 
overcome cohesion i.nd tho second of the inertird re-sictur.ee 
of the resulting detritus. Certrin it is thrt these two 
elements ire- present, end tho first question to be nisw red 
is whether they done will suffice to give en adequate de- 
scription of the penetrition process. 

»1939.1. 

**Bfrunt 1937.1, p. lob; Heidingcr 1937.3, p. 269. 

**»Sce Montigr.y 193b.3,   pp. 407-408;     Civil Protection 1939.2, 
pp.  144-145;  J1RP Hcndbook !;o 5,   1939.1,  p.   19. 
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TABLE I 

VALUES FOR ^   TAKEN FROM THE 
LITERATURE AND REDUCED TO lb/W 

Robins-Euler formula (2.7) p.8 

NOTES 

1. ROBINS-ETTLER- 
PERES FORMULA 

*1 = 
ip-6 

MATERIAL 

Class Description 
■f- 

SOURCE 

EARTH 

WX)D 

CONCRETE 

Loosely heaped 

Average compact 

Elm (lead ball) 

Poor or green 
jvxceptiGiiaj. uuttiity 
Reinforced 
Ordinary masonry (l»8-ltlC) 
2800 lb/8q in compression 

4.5 to 5.4 sacks/cu yd** 
Reinforced 

HROUGHT IRON 

STEEL 

700 
1,900 
2,100 

28-3,200 

1 
2 
3 
1 

22,000 2 

11-17,000 
14,000 

3 
4 

21-32,000 
28,000 
29,000 
31,000 
32,000 
43,000 

35-50,000 

o 

3 
5 
6 
4* 
7 
5 
4 

140,000 8 

210,000 3 

1...Handbook No 5    1939.1 (p.lo)    o...Reduced from Skramtajcw's 
2...fculer    1745.1 data (See also Note 7» 
3...Feres    1932.1 (p.25) 7...Vieser 1934.2 (p.311)(rc- 
4...Keidingcr    193Ü.2 (p.457) duced from Zolcsky's dotu) 
5...rieidinftor    1937.3 (p.2o9) b...de Giorpi    1912.1  (,p.2ü) 

Cld Krupp Works'   formula 

•This value reduced from de Giorgi»s table. 
••Reduced from the origintl  source value of 250-300 kg/n^ 
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NOTES 

2. PONCELET FORIIULA 

TABLE II 

VALUES FOR   a,   b,   and    b/a 
TAKEN FROM DIDION lflftö.l (pp. 241-447 

IN METRIC UNITS» 

Poncelet formula (2.10) p.11 

*1 TIBT
1
-!^!

1
'»
2
^ 

j-iATERIAL 

Class Description    kg/cm2    kg-sec2 

EARTH 

i G 

Sand-gravel 
Earth-sand-gravel 
Clay-sand-gravel 
Grassy earthwork 
Sand-cle.y earthwork 
Clay soil 
Damp clay 
Wot clay 
Earthwork 
Wet earthwork 

43.5 
60. 

104.5 
70. 
4b.1 
34.5 
2b.b 
9.17 

30.4 
2b.5 

MASONRY 
Good stonework 
Medium stonework 
Brickwork 
Limestone (Metz) 

552. 
440. 
31b. 

1200. 

WOODS 
Oek, Beech, Hornbeam, Ash 208.5 
Elm lbO. 
Fir, Birch 116. 
Poplar 109. 

m2-cn2 

io-3j 

8.7 
12.0 
3.7 
4.2 
2.8 
2.8 
2.1 
0.73 
O.ol 
0.53 

8.3 
o.6 
4.7 
18.0 

4.2 
3.2 
2.3 
2.2 

b/a 

sec2 

_m2_ 

10-*: 

200 
200 
35 
oO 
oO 
80 
80 
80 
20 
20 

15 
15 
15 
15 

20 
20 
20 
20 

• For British units,   see Table II-j» 
•»In the formula the value of the form fector 

Some values have been supplied« 
i    is dimensior.lcss. 

For bull 1 
3/2 

For long shell 2/3 

Didion 1848.1, p.234 
Maycwskij  v. Wuich 1893.1 

v.  \tuich 1893.1;  Crone  1S25.1 
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NOTES 

2. POFCELET FlflBIULA 

TABLE II-A 

VALUES FOR   a,   b,   and    b/a 
TAKEN FROM DIDION 184"8.1 (pp. 241-244J 

IN BRITISH UNITS» 

poncelet formula (2.10) p.11 

B Class 

MATERIAL a b b/a 

Description lb/in2 lb-sec2 

ft2-in2 

10'5x 

sec2 

ft« 

10"°x 

EARTH 
Sand-gravel 620 
Eerth-sand-grovel 850 
City-sand-gravel 1490 
Grassy earthwork 1000 
St-nd-cloy earthwork C55 

e*    £-- •                                                    Clay soil 490 
— r 

V                                                      >ict clay 130 
Earthwork 432 
Wet earthwork 377 

MASONRY 
Good stonework 7850 
Medium stonework 6250 
Brickwork 4490 
Limestone (Metz)       17100 

WX)DS 
OcJc,  Beech, Hornbeam,  Ash 2960 
Elm 2260 
Fir, Birch 1650 
poplar 1550 

11.5 18.6 
15.8 16.6 
4.8 3.2 
5.6 5.6 
3.7 5.6 
3.6 7.4 
2.8 7,4 
0.97 7.4 
0.80 1.86 
0.70 1.86 

10.9 1.39 
8.7 1.39 
o.2 1.39 

23.8 1.39 

5.5 1.86 
4.2 1.86 
3.1 1.86 
2.9 1.86 

i 

•For mttric units, see Table II 
• »In the fomulc. the vr.lu<. of th^: form fector i is dinensionless. 

Some vrlucs hcvt been supplied: 
For ball       1   Didion lb4Ö.l, p.234 

3/2      Mf.yewski; ▼■ ><uich 1693.1 
For long shell    2/3      v. Wuich 1693.1; Crw»z ltUo.l 
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V 

8« 
J 

; 

NOTES 

3. IOTJCELET COEFFICIENT, b 

3...Comparison of Poncelet Coefficient b with Density (p.14); 

In order to examine the hypothesis 

(2.12) b      -     %2L     '    \f 

f   ■     ■ that the Foncelet coefficient b is a measure of the iner- 
tial resistance offered by the target material, the Fiobert- 
Morin-Didion velues of b were compared with values of the 
specific Y/eights w' of the media. Table III below pives 
b (in gm-sec2/ni-cm3) from Kote 2, values of w' (in gm/cra^) 
from various sources, and the values of the di^ensionless,. 
coefficient y computed from (2.12), where g ■ 9.81 m/sec*; 
The values of w1 found in the literature show a vjry con- 
siderable spread (e.g. "Dry clay" is given in Harts' Hand- 
book as w' ■ 1, "Clay" in the Smithsonian Tables as 
1.8-2.61); no very great accuracy can, therefore, b«? ex- 
pected in the resulting values of y • The values of w' 
for earths and masonry are taken mainly from parks' Mechan- 
ical hngincers' handbook, and in casu a range of values is 
there given the mean has been chosen; those for woods are 
the mean of values found in Marks ('!), Smithsonian Fhysicel 

2     fe"a ^ Tablos  (S), the International Critical Tables (I),  and Esh- 
■     ™      \ bach's  "iandbnok of V^rintfirinr Fundamentals  J.V.,1. It      is 

hoped that the values of    w'    actually    used    by the     Metz 
Committee may later bt eveilable for oonparison. 
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NOTES 

3. PONCELET COEFFICIENT, b 

E 
TABLE III 

VALUES FOR b, w«, AND Y   AS REFERRED TO 
ON PAGE 59, NOTE 3, AND TAKEN 

SOURCES 
FROM VARIOUS 

MATERIAL 

m cm1- 
JE 

,3 cm* 

y 

i  t? 

EARTH 
Sand-gravel 0.087 1.6-1.9 1.1-0.9 
Earth-sand-gravel 0.120 1.6-1.9 1.5-1.3 
Clay-sand-fravel 0.037 1.0-1.9 0.5-0.4 
Grassy earthwork 0.042 1.6 «• 0.5 
Sand-clay 0.028 1.4 0.4 
Clay soil 0.026 1.4 0.4 
Damp clay 0.021 1.8 b 0.2 
iiOi»   vwt.t«jr ^ • Vs/ 1 J.«w w • «fa 

Earthwork 0.006 1.0 c 0.1 
Het earthwork 0.005 1.0 c 0.1 

HASONRY 
Good stonework 0.083 2.6 d 0.6 
Medium stonework 0.06b 2.4 * 0.55 
Brickwork 0.047 1.9 0.5 
Limestone 0.180 2.5 ^ 1.4 

YIOODS 
Oak,Beech,Ash 0.042 0.66 1.3 
Elm 0.032 0.60 1.0 
Fir,  Birch 0.023 0.5C 0.9 
Poplar 0.022 0.39 1.1 

a...packed 
b...Anomalous behavior 

of clay seems well 
known 

o...Lightly packed 

d...Ashlar 
e...Rubble 
f...K'can of velues from 

Harks, Smithsonian 
and International 
Critical Tables 
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TABLE IV 

VALUES FOR PARAMETER K REDUCED FROM 
FETRY 1910.1 pp. 63-65 

NOTES 

4. FETRY FORMULA 

Petry formula (2.131)    p.  15 

»1    «   KP log10 ( 1   -I- ▼o 

215,000 

I 
Class 

MATERIAL 

Description 
ft-inVlb 

r 

i cr 

EARTH 

MASONRY 

Sandy soil 
Soil (vegetation) 
Clay soil 

Good brickwork 
Good stoncv.*ork 

5.29 
6.95 

10.t> 

2.95 
1 ,KQ 

I 
STONE 

CONCRETE 

Limestone 0.7751 

1.15 
0.40E2 

O.bBfcS 

l...From Handbook No 5,   1939.1, p.  15. 

2...Klectke,   fron Milota,  1933.1. 

3...Attributed to Batant by Handbook No 5, 1939.1, p. 15, 
but the writer cur.not fino. it there. Hovever.Bazant 
uses de Uiorgi's results, and it is true that with 
the pbove value of the coefficient th«: Petry formula 
gives values in good agreement with de Giorgi's. 

L 
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KOTES 

6. DE GIORGI 

I 

Class 

E 
EARTH1 a 

2 C« 

TABLE V 

VALUIS OF  k  TAKEN FRO?!  NOBILE  DE 
GIORGI, 1911.T, pp. 1112, 1113, 1122, 1123 

de Giorgi formula (2.15) p.17 

*1 = JL k r(v0)» 
i 

MATERIAL 

Description (dimensionless) 

Coarse, broken stone, compact       0.3 
«     ■    ". , loose        0.45 

Gravel 0.5 
Coarse, clean sand 0.6 
Earth-gravel 0.8 
Compact or runited earth 0.8 
Clay soil, or dry compact loom 0.8 
Settled earthwork 0.9 
Dry, fine sand 0.9 
Dry. loose loam 0.9 
T>*»«»   T *•* i~\ «■ r«  ^M «1 **      t*nA  1 I  'O V'j 1j. *.»»«.«»  ...»—..»  ~»-- A.-' 

Loose, dry earth 1.4 
Dfmp or wet et rth 1.5-l.b 
Stratum of hard coal 1.14 

I MASONRY1 

Good brickwork 1.0 
Well-cured concrete 0.4 

•The form ffctor i is given by de Giorgi as follows: 
earth (p.lTTC) 

artillery shells with nose fure   1.0 
rifle, type 88 1.3 
shrapntl shell 1.3 

masonry (p.1123) 
A.?, or semi- A.P. shell 1.0 
ordinary shell ltrge fuze 1.5 

e...From p.1112. Values of Fc(v0) reduced fron de Giorgi's 
ttble to strndtrd British units r.ppar in Trble V-A 

b...From p.1122. Vclues of Fm(v0) reduced fron de Giorgi's 
trblc to standard British units appear in Table V-B 
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NOTES 

5. DE GIORGI 

a 

i 

TABLE V-A 

VALUES OF    Fe(v0)    FOR KARTHWDBfc REDUCED FROM 
DE GIORGI'S TABLE p.  1112 TO STANDARD BRITISH 
UNITS    (ft-in2/lb)    AND    IHTKP*OLATED FOR   v0 

(in ft/sec)    FOR INTERVALS 0}   50 ft/sec 

Note: Ahe values of F_ for v0 greater than 
1350 ft/sec ere obtained from values extrapo- 
lated by de Giorgi. 

- 

S  «• 
L 

300 0.57 950 5.40 loOO 7.02 
350 0.75 1000 5.5b lö50 7.12 
400 0.99 1050 5.71 1700 7.22 
450 1.34 1100 5.85 1750 7.32 
500 1.83 1150 5.90 1800 7.43 
550 2.51 1200 o.l2 1850 7.54 
oOO 3.22 1250 o.24 1900 7.u4 
650 3.72 1300 0.35 1950 7.75 
700 4.15 1350 b.48 2000 7.86 
750 4.49 1400 0.58 2050 7.96 
600 4.79 1450 0.70 2100 8.07 
KRO fi.m 1P00 h-flO 2160 8.18 

OflAA 

Tht extreme rf.nge of penetration about thi neon, given 
by tht formula, is estinutcd by de Giorgi, p.1113, to 
bet 

for velocities up to    6bO ft/sec 
w " from 660-980 ft/sec 
" " "    980-1300 ft/sec 

- 45#, 4 b5#, 
- 30$,   4 40'/;, 
- 2b%,  + 30£. 

03 
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NOTES 

5.  DE GIORGI 

B 

* 

TABLE V-B 

VALUES OP F (v0) FOR MASONRY REDUCED PRO?« 
DE GIORGI'S TABLE p.1122 TO STANDARD BRITISH 
UNITS (ft-in2/lb)  AND INTERPOLATED FOR v0 

(in ft/sec) FOR INTFRVALS OF 50 ft/sec 

Notei The values of Fm for v0 < 500 ft/sec 
and for v0 >1300 ft/sec are obtained from 
values extrapolated by de Giorgi. 

'm rm 

\ s~* 

rm 
100 0.07 600 0.70 1100 1.5b 
150 0.12 650 0.73 1150 1.65 
ZOO 0.17 700 0.86 1200 1.75 
250 0.22 750 0.94 1250 1.35 
300 0.23 Ö00 1.03 1300 1.94 
350 0.34 d50 1.12 1350 2.04 
400 0.40 900 1.20 1400 2.14 
450 0.47 950 1.30 1450 2.23 
500 0.54 1000 1.39 1500 2.33 
550 0.b2 1050 1.47 1550 2.43 
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5a...Scabbing. $e Giorfit 

NOTES 

5a. SCABBING 

(5.4) sr KgWvZ 

De Giorgi's values of   Kg , p.  1125,    reduced to      standard 
unit   fft-sec2/lbl are *s    follows: 

good brickwork Kg » 7.4 * 10" 

well-cured concrete Kg s 3.0 * 10 -7 

Values -\f Kh (and Kg recommended by Heidinger 1937.3, 
p. 267) reduced to the standard unit ft^-sec/lb are as 
follows: 

high quality concrete* Kh •  !•? * 10"4, Kg ■ 2.2 < 10" 

reinforced concrete   Kh ■ 1*0 * 10"4, Kg ■ 1.5 x 10 -7 

Ko values hove been computed or observed directly for Kr in 
the formula    eq (5.7)    stt up in the- report,  for date        on 
stress-strain relation from which to compute    U ,  eq    (5.3), 
IS  noi  tivt.ij.fcue   lo  W»v   i'.rxLcr.     uuv   ta>-  vfiue 

K, 9 * 10-°"    sccVlb 

gives a maximum scabbing thickness,     eq (5.7)  ,which errres 
with d« Giorgi's for   V/ s 250 lb,    v s 700 ft/sec. 

»250-300 kg cemtnt per   m'    concrete,  i.e. 4.5-5.4 sacks ce- 
ment per yd^. 
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suras 

b. DEPTH EFFECTS 

6...Penetration end Perforation by Conical-Kosed Bullet (p.25)s 

In order to illustrate thf; depth effects discussed in Sees 3a 
and 6, the resistance and velocity curv s for the purely fic- 
tional crse of & conical-nosed bullet piercing a relatively 
thick armor plate have been computed. The results of this 
computation ar**- given on the- accompanying Plate III,    in which 

!  <T 
c 

At i'he curve marked "Area" shows the ris«-. of the area of im- 
pression A * A(x,e) from 0 at impact to its maximum val- 
ue, end its subsequent drop to 0, in accordance with the e- 
quation 

(o.l) A(x,e) A(x) - A(x - e) 

R;    ihe resistence is shewn on the hypothesis 
with V" taken as one,  whence 

(6.2) - (6.5), 

(6.5») R(x,v) A(x,e) [a 4- * p'v* ] . 

Vi The velocity cui"vc-, showing the dccrrr.se in v fron ctrik- 
ing velocity v0 to its residual vt.lufv after perforation, is 
computed from 

' 

(6.6») m In 
oc Vo 

oC v2 
m'(x) . 

The first two curves shov, rt the same time the characteristic 
differences between the resistance on the Eulcr assumption 
f(v) m LA-, const., and the Poncelet assumption (2.8) ,for the 
unit of area on the Plate hps been so chosen that the total 
area under th* curve A is equt>l to that under the Poncelet 
rKsistrnce curve R j the curve A , therefore, shows at the 
sime time the Eultr resistivr.ee in proper sct.le, i.e. th; re- 

6b 
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KOTES 

0. DEPTH EFFECTS 

sistence which would be encountered by t projectile losing 
the same amount of energy in perforating the plate as under 
the Foncclt/t assumption. Tn<- nost characteristic feature 
is the displacement, to be expected, of the maximum resist- 
ance to t iowtr velut of x , end * corresponding shifting 
of tht entire curve in the direction of lower penetration 
depths* 

Xhe curves were cotrputed with thf assumed values: 

Projectile: 

Target: 

Caliber 
conical height 
ovrr-t.ll length 
specific weight 
striking velocity 

Thickness 
specific v/eight 
roncelet coefficient 

d r 0.3 in, 
0d:    2d, 

2©d *    4d, 
w'  « 0.3Ü lb/in3, 
v0 s 2700 ft/scc. 

e » 0.9 in, 
w«  = 0.Ü5 lb/in3, 

a . 2 x 105 lb/in2. 

The energy loss is    2.22   «   10* in-lb,  tnd the velue of the 
corresponding Euler coefficient computed    therefrom      is 

stress    fc s 2 «■ 10^ lb/in-;   tut tff iuitucy    ti ,   eq (3.C)  of 
the process is therefore 0.58. 
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NOTES 

7 . -7. SKRAMTAJEW 

7..»Skrantrjew's Penetration Test (p. 53): 

As mentioned in Sec a, B. G. Skramtajtw 1935.2  eorrelfetrss 
the volunc V of the crr.ttr produced in concrete by p. re- 
volver bullet with the cempressive strength of the concrete; 
his results art given in the first two columns of Table VI 

jta   . below. In order to connect these results with the present 
^  " investigation, the corn-spending values of the Euler coef- 

ficient hcvt been computed: 

B    ' 

i 

(3.7') l>u =  E0A 

and -the Poneelet coefficient 

(3.8-)        Q . JL _Lln f 
2gV oc   L 

oL v02 1 
2gV ot   L J 

where the Hetz value oC s b/ä ■ 15 * 10"6 s<:c2/m2 has 
been fdopted; the values of IUL and a thus computed arc 
given in the last two columns of Table VI. The bullet 
used by Skre.mtr.jew wr.s a nickelled ball weighing 7 gm end 
hnvlnr   n   vol rir»i tiv   nf      P7B  n/<tr>.r>      n+   r   ilit(-««i><i   r\f     tor-. 

TABLE VI 

COMPARATIVE VALUES OF (T (SKRAMTAJEV;) 
JJL( EULER) AND a (FOKCELET)   FOR 

VARIOUS VALUES OF V 

V <r r a 

cm kg/cm kg/cm2 kg/cm2 

15 50 180 120 
5 90 540 3o0 
2.5 130 1080 720 
\.3 200 2080 1390* 

•Note that the Fencelet a for limestone is 1200 kg/cm2. 
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NOTES 

7. SEHAMTAJEW 

This correction has been extrapolated by Barant 1937.1, 
p. 172, to higher campressive strengths. 

In Skrantajew*s test, the rr.tio n « a/LA- of the work re- 
quired to push the projectile to that actually expended 
turns out to be 2/3. It should be noticed that this ratio 
deorecsos quite rapidly with striking velocity, for on the 
Poncelet hypothesis n , eq (3.5') for limestone, at strik- 
ing velocity twice that employed by Skraatrjew, would drop 
to 0.38, end to 0.24 if it were three times as fast. 
Another way of looking at n , ir cc.ses where nose and 
crtttr effects are ne-gligiule, is obtrincd by noting that 
it is, r.t the stme time, the ratio of the actucl penetra- 
tion to the penetration which tne projectile would attain 
if the resistance were the seme throughout as that encoun- 
tered at low velocities 

t>9 
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NOTES 

8. Gaede 

Q © 

8...Gaede's Application of the Brinell Test; 

As the result of extensive tests made at the Technische 
Hochschule in Hannover, K» Gaede, 1934.1, proposed a method 
of measuring the compressive strength of concrete in com- 
pleted structures based upon the Brinell hardness test. In 
the laboratory tests, the standard 10 ma Brinell ball (or, 
for weak concrete, a steel ball 20.6 mm diameter) was 
pressed into the surface of the concrete, and the diameter 
of the impression measured; the ratio of the latter to the 
diameter of the ball was then found to have the correction 
with the measured compressive strength of the cone rete 
shown in Fig 17. It is not possible, as in the case of 
Skramtajew's test, to obtain the corresponding Poncelet 
shatter strength a , for Gaede does not give the magni- 
tude of the force used to press the ball into the concrete. 

Whatever the value of this method may be in determining the 
compressive strength, it does give a direct measure of the 
«shatter strength" as used in this report, for the Brinell 
coefficient may be thought of as a measure of the pressure 
required to cause penetration at negligible velocities. In 
the standard Brinell procedure (ef Hny*»c l??c.l, y, 1J*»} a 
rtcrl t-11 10 iua in «!<«meter is pr-uösed into the surface 
cf the metal under a load of 3000 kg for a period of 30 sec- 
onds; tho Brinell hardness coefficient H is then defined 
as the ratio of the load in kg to the area of the impres- 
sion in wsß , But this may be taken as a measuro of the 
pressure at this stage of penetration of the ball into tho 
metal—leaving aside for tho time being questions concern- 
ing the actual distribution of force over tho face of the 
impression. 
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EXPLANATIONS   — - 

Plate I 

.\ 

Plato I« Velocity Dopondenco of Various Formulae: 
™°" (Adjusted Paruiciüter Valuos) 

The plate illustrates the theoretical penetration depth in 
concrete for different striking velocities, computed from 
the principal sectionul pressure theories by adjusting 
the strength parameters to force an agreemont  around 
vo - 900 ft/sec. Values adopted in plot are 

E 
Euler; 

Poncelet: Limestone • • • • 

i = 1 

)-^= 30,000 lb/in2 , 

t> 2 
as 1.4*10-6£2° 

ft2 » 

a = 20,120 lb/in2  , 

Petry: K = .60 ft-in2/lb  , 

■ 

At*  (Hr\y*eti    (noaniinr): ..... V  5 .34 

In comparing these penetration formulae, adjusted to fit a- 
round v0 s 900 ft/sec as above, the following table of con- 
version factors will be found useful: 

TABLE VII 

Multiply w 

by 

to get 7   ^^ 

Euler 

lb/in2 

Poncelet 
a 

lb/in2 

* 

Pe'try 
1/K. 

lb/ft-in2 

de Giorgi 
(masonry) 

1/k 

Euler V~ 1 1.49 1.80 xlO4 1.02 *104 

Poncelet a 0.671 1 1.52 <10~2 9.58 *10~3 

Petry        J 1/K 5.57 * 10"5 65.9 1 0.559 

de G.   (m) | 1/k 9.33 *10"5 104.4 1,79 1 

The Foncelet values refer to limestone. 
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EXPLANATIONS 

Plates II, III. 

Plate II. Cor.parison of Various Formulae: 
^~       (Original Parameter Value) 

The Plate gives the penetration depth per unit sectional 
pressure predicted by the various formulae, usin^ accepted 
values of the strength parameters, 

i * 1 

Euler-Peres: ............ u.s 17,000 lb/in  , 

r - i A «in"6 se<j2 Poncelet: Linestone  . . , a - M*io  -^ » 

a = 17,100 lb/in2 , 

Pe'try: K= 1.15 ft-in2/lb , 

de Giorgi (masonry): • k s 0.4 

Plate III. Perfpration of Thick_Plate_by Bullet; 

See Note 6 for description. 

*ARP Handbook No. 5 (p. 16) recommends \*-  « 1,200 kg/cm2 

for "all except poor quality concrete." Also, it should be 
noted that, because of its noro direct physical s ignifi- 
cance, the reciprocal of the parameter pu introduced  by 
Peres and used by Handbook No. 5 has been used throughout. 
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B 
EXPLANATIONS 

Plate IV 

3 Plate 17, Penetration of Projectiles and Bombs In Earth; 

The data on seven penetrations in earth recorded at the Ab- 
erdeen Proving Ground, are plotted together with theoreti - 
cal curves whose strength parameters have been chosen to 
give reasonable fit. The data used in preparing this plot 
are given in Table VIII. 

E 
TABLE VIZI WEIGHT (W) , STRIKING VELOCITY (vj, 

SECTIONAL PRESSURE (P) f  PENETRATION 
DEPTH [x-,) i ALONG PATH: RECORDED AT 
ABERDEEN PROVING GROUND AND USED DI 
PLOTTING PLATE IV. 

* 

i G> 

I 

W *o P xl 

lb ft/    5C lb/in2 ft 

BCMBS 
it* enn eet; •X    *l\ n •» 

100 Lay Ö.0 

PROJECTILES 
3" AA 1142 12.7 800 1.80 5i7 
75 on 13c I 12.2 530 1.79 3.9 
75 mm. 1140 15 910 2.20 5.5 

105 an 1138 Al 32.8 900 2.45 8» 6 
155 sn T2 95 1075 3.24 12.1 
8" lac I 200 1010 3.98 17.1 
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EXPLANATIONS 

Plate IV 

TABLE DC VALUE OF STRENGTH FARAIIETER ADOFTED, 
AVERAGE DEVIATION FRO!.: 1IEAN, UAXBfflti 
DEVIATION TROLL 11EAN, AND STRENGTH 
PARAMETERS FRCt: LITERATURE, AS USED 
IN PLOTTING PUTE IV. 

Formula Parameter 
Av. 
Dev. 

Max. 
Dev. 

Literature 
Value 

Euler     UL = 3220 lb/in2 
54?5 6$ 2800-3200 

Cf Note 1 

Petry     K 

s 0.190 lb/ft-in2 

= 5.27 ft-in2/lb) 
155» 44J5 K s 5.29 

cf Note 4 

de Giorgi 1/k n 1,39 
(k   a 0.72) 

£1$ 51JS k s 0.8O 
cf Note 5 

Zaleski   l/£ a 258 lb/in2-sec 13# 41$ not clotted, 
straight line 
passing through 
origin 

Values for Vieser's theory have also been computed, but the 
strength parameter falls at the extreme minimum of the range 
given by Vieser; the 600 lb bomb cannot be fitted with ethers. 

Taken as the computed mean of the parameter value for eight 
ponetrations. 

********* 
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GLOSSARY 

6 

M 9( 

Ü 

GLOSSARY OF SYMBOLS USED 

Following is a list of symbols used in the report, together 
with 

a,..Verbal definition of each symbol, 

b...Physical units in system adopted 
as standard for report, for cor- 
responding Continental units re- 
place in by cm, ft by m, lb by kg, 

c...Reference to page vihere introduced. 

a.. shatter strength in Poncelet theory; lb/in ; 11. 

b,..,....inertial coefficient   in   Poncelet      theory; 
lb-sec2/in2-ft2;    11. 

d«.......caliber of projectile or bomb ;  in;    6 • 

d(x).....diameter of projectile at distance x from nose; 
in; 22. 

f(▼)»••••velocity-dependent resistance factor; lb/in2; 3. 

f0....r..limit of f(v) for vanishing velocity; lb/in2; 23. 

fn(v0)...Petry penetration function ; dinensionless;   15, 

f penetration coefficient in limiting  velocity ; 
dimonsionless; 42. 

g acceleration due to gravity; 32.2 ft/sec ;  3 • 

h ogival height of projectile; ft; 22. 
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GLOSSARY 

i••...,..form factor; dimensionless; 6. 

kr velocity coefficient in Levi-Civita A»; sec/ft; 
16. 

k........material coefficient in de Giorgi formula; di- 
mensionless; 17. 

k.. coefficient in Thompson formula; lb*/in;  43, 

JT.......maximum, penetration measured along path; ft; 29. 

m. mass of projectile; lb-sec2/fb; 40, 

m1 mass of target material displacod; lb-sec^/ft ; 
41. 

n........efficiency of penetration   process; dimension - 
less;    23. 

s distance of nose frcm rear face of target; ft ; 
33, 

Si • .height of maximum scab; ft; 36. 

t........time; sec; 3. 

t^.• time to reach maximum depth; sec; 12, 

At*.....time interval in scabbing process; sec; 35. 

v .velocity of projectile; ft/sec; 3. 

v0«« striking velocity; ft/sec; 4. 

v' velocity imparted to detritus; ft/sec; 14. 

v_.•••...normal component of striking velocity; ft/sec; 
30. 

v velocity of projectile after scabbing; ft/sec; 
33. 

W weight per unit volume of target material; 
lb/ft-in2 ;    14. 

x penetration depth;    ft;    5. 
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GLOSSARY 

Xu maximum penetration depth; ft; 4* 

Ax. distance projectile moves during scabbing; ft ; 
33. 

o 
A. maximum cross-sectional area of projectile; in ; 6. 

A*.» effective area on Levi-Civita hypothesis; in2 ; 
16. 

A(x).....area cross-section at distance x from nose ; 
in2 ; 22. 

A(x,e)...amplitude of impression for target slab; in2 ; 
39. 

E kinetic energy of projectile; ft-lb; 8. 

EQ striking energy of projectile; ft-lb ; 26 . 

F{v).....auxiliary penetration function; ft-in2/lb; 4 • 

Fe de Giorgi F for earth; ft-in2/lb ;  18 . 

J?_ de Giorgi J for aaaunry; fi-iii /lb ; 18 • 

F........normalized Thompson penetration coefficient ; 
dimensionless; 43. 

G(x) velocity of projectile at depth x ; ft/sec ; 
5. 

H Brinell hardness coefficient; (kg/cm2);  24. 

K .......de Giorgi scabbing coefficient; ft-soc2/lb; 
g     34. 

Kj^ Heidinger scabbing coefficient; ft2-sec/lb; 
35. 

Kj. .scabbing coefficient proposed in report; 
sec2/lb; 36. 

, g 
P sectional pressure; lb/in ; 6. 

R(x,v)...resistance encountered by projectile; lb; 3. 
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GLOSSARY 

S force in rupture process; lb; 33. 

fl* sectional energy in de Brettes* fonmila ; 
(m-t onne s/cia2); 43. 

TJ scabbing energy per unit area; lb/ft; 33 . 

V(ac) volume of impression at depth x  ; ft-in2 ; 
22. 

V(x,e)...volume of impression in target slab; ft-in ; 
39. 

Ii c i .weight of projectile or bomb; lb; 3. 

2 
oc = a/b, coefficient of v  in Poncelet formula; 

sec2/ft ; 41.- 

ft • angle of conical crater; dimensionless; 28. 

y« drag factor in Poncelet theory; dimensionless; 
5     14. 

£...... = 2.718... ,• basis of natural logarithms; di- 
H**n^ionl?ss* 11» 

($  ......coefficient in Zalesky penetration formula; 
in2-sec/lb; 18. 

0 angle of impact; dimensionless; 29. 

Ö angle at which projectile ricochets; dimension- 
r    less; 2S* 

K, coefficient in Petry formula; ft-in2/lb; 15, 

u ......coefficient in modified Petry formula; ft-in2/lb ; 
15. 

*X ......reduced length in calibers of projectile; di- 
mensionless; 42. 
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GLOSSARY 

2 ' .. IX. shatter strength on Euler theory; lb/in ; 7 

-\7 •••...exponent of cos © in oblique impact; dinen- 
sionless; 30. 

«7f = 3.1416.... 

p ......mean density (mass) of projectile; 
I     lb-sec2/ft2-in2 ; 41. 

9   £>   2 
D1 ......(mass) density of target; lb-sec /ft -in ; 41. 

^......canpressive strength; lb/ft ; 26. 

O^  principal stress along x-axis; lb/ft2 ;" 26. 

<X ••••••stress in scabbing process; lb/ft2 • 33. 

<P<*) ...depth-dependent resistance factor; in2 ; 3. 

y, slope of plate perforation coefficient; dinension- 
less; 42. 

«.■» ......material coerncieirc in vieawr ioiiuuiti; uiiueuaiw**- 
less;    27. 

$uj ..«auxiliary penetration function; ft-in2 ; 4, 

******** 
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